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Abstract

The purpos: of this research was to develop a procedure for estimating the
average bistatic radar dutter power from a topographic map and using rough surface
scattering theory. First, the terrain in the radar target area was divided into sub
regions having nearly homogeneous characteristics. A joint Gaussian distribution for
the surface heighta was fitted from the information contained in the topographic map

contour lines for each homogeneoﬁs area. From these distributions, the normalized

radar cross sectior. for each terrain area was determined. The clutter power for each

range cell was then determined via a modified radar range equation. .

The procedure was implemented for three target areas of an existing ground
based bistatic system near Hanscom AFB, Massachusetts using a U. S. Geological
Service topographic map of the area. Scattered power from very rough surfaces was
estimated. However, the accuracy of the estimates could not be verified due to a Iack
of actual data for comparison. It was also determined that topographic map data
may not be sufficient to determine scattered power from slightly rough surfaces.
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DETERMINATION OF BISTATIC RADAR CLUTTER POWER
FROM TOPOGRAPHIC DATA

I. Introduction

1.1 Background.

The operating principles‘ of radar are relatively simple. The process initiates
when a transmitter emits an identifiable electromaguetic wave info the atmosphere.
When the wave strikes an object, electromagnetic energy scatters in all directions. A
receiver dctects the presence of a target when the reflected m&gy strikes the receive
antenna. Given knowledge of the éact time of transmission of the original wave
and of the velocity of wave propagation, the receiver can calculate the approximate
range between the target and the radar system. If the energy from the transmitter is
concentrated in a narrow beam, the bearing and elevaiion of the target can also be
determined. With these capabilities, it is easy to see how radar has evolved into a
necessary piece of military hardware. It finds application on every military aircraft
in the inventory today and its capabilities often play a vital role in the success or
failure of a mission.

Problems arise when the reflected ensrgy is not due solely from a desired target.
When the transmitting antenna directs energy‘ at low grazing angles, objects on
the ground reflect energy to the receiver. This phenomenon is known as clutter.
The amount of dutter energy returned to the radar receiver is proportional to the
reflectivily of the terrain and other factors. When more energy is reflected from
W features than from a desired target the capabilities of a radar are reduced.

1-1
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All military forces attempt to use clutter to their advantage. Low flying air-
craft and missiles are difficult to detect in the presence of dutter. The dlutter energy
obscures target reflections and provides an attacking force with the advantage of less
time of exposﬁte to hostile countermeasures. The detectipn of low flying objects is
compounded by the use of stealth technology, which reduces the amount of energy
reflected in the backscatter direction. Monostatic radar systems use collocated trans-
mitters and receivers. The transmitter an receiver often share 2 common antenna

and the system only detects backscattered target energy. With le‘sé electromagnetic

energy reflected toward a receiver by using stealth technology, the task of hiding an

incoming vehicle in ground dutter becories easier.

This work is sponsored by the Applied Electromagnetics Division £ the Rome

Air Development Center (RADC). RADC has proposed using bistatic radar systems

with special configurations as a technique to enhance the detection of low observable

(stealthy) objects. Bistatic radar syétéms use transmitters and receivers which are

not collocated (18:1) and do not rely 0;1 backscattered energy for proper operation.
s

RADC proposes that, for a give'h terrain and bistatic angle, there will be a
transmxtter to receiver antcnna polanza.txon relation which will result in a minimum
amount of clutter return frora the terram in question. Use of the process to enhance
the detection of low observable objects requires apriori knowledge of the required
antenna polarization relationship which is obtained from the reflective characteristics
of the terrain. To obtain optimum perfo!;mia.nce of the bistatic configuration proposed
by RADC, a thorough knowledge of the dutter-to-noise power profiles of bistatic
radars operating at low grazing ang’ - is needed.

For the foregoing reasons there is considerable interest in predicting the terrain
reflectivity seen by bistatic radar systems at low grazing angles. The clutter-to-noise
power levels at a radar receiver antenna are directly related to the reflectivity of the
terrain in the target area. Several anzlytical and empirical models (13:671-773),(9:74-
134),(3:70-119) have been proposed to calculate the terrain refl :ctivity from kmown

12




topological featuies,

The amount of dutter power a bistatic radar detects depends on the radar
jarameters, the grometric bocations of the transmitter, receiver, and target area as
well as the physical characteristics of the terrain.

 The radar parameters include the frequency of operation of the transmitter,
the transmit and reccive antenna polarizations, the transmit and receive antenna
beammwidths, and the transmitter pulse width. All of these parameters are control-
lable by the radar design engineer.

The geometric considerations involve the physical locations of the transmitter
and the receiver in relation to the target area. The most prominent of these factors

Are:

o The distance between the transmitter and receiver.

The distance from the transmitter to the target area.

e The distance from the :eceiver to the target area.
¢ The bistatic angle formed by the transmitter, reoeifrer, and target.

The height of the transmitting and receiving antennas.

The grazing angle of the tzansmitting and receiving antennas.

The physical characteristics of the terrain can not be controlled and must be
measured or estimated for each particular application. The terrain factors which
alfect the amount of reflected dutter power are:

o The physical characteristics of the terrain.

1. Flat land, rolling hills, mountains, bodies of water.
2. The amount of moisture in the soil.

3. The diclectric constant of the terrain. .

13




¢ The population of the terrain.

1. The spedific type of vegetation, trees, or buildings covering the terrain.
2. The relative heights, thicknesses, and densitics of the population.

3. The dielectric constants of the population items.

o The weather conditions in the target area.

All of these factors affect the amount of clutter power received by a bistatic radar

system.

1.2 Problem Statement.

No accurate procedure exists for determining the dutter-to-noise power profile
of a ground based bistatic radar system operating at low grazing angles and large
Bistatic angles from knowledge of the terrain features of the radar target area.

1.8 Research Objective.

The purpose of this research effort is to develop an accurate procedure for
predicting the clutter-to-noise power profile for a ground based bistatic radar system
from knowledge of the target area topography.

1.4 The Bistatic System.

The transmitter for the bistatic radar system used for this thesis was an S band
weather radar located near Stow, Massachusetts. The receiver was an RADC asset
located atop Prospect Hill in Waltham, Massachusetts. The proposed target area
was the terrain southwest of Hanscom Air Force Base. Stow is located approximately
20 kilometers (Km) west of Waltham. RADC originally requested cutter-to-noise
power ratios for five range bins at three different bistatic angles between 120° and
160°. The clutter powers were to include the effects of the power associated with the

1-4
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main lobes and significant side lobes of both antennas. The researcher was at liberty
to select the appropriate bistatic angles and range bins. As the project progressed,

three specific sites were selected by RADC.

The transmitter was operated at a frequency of 3 gigabertz (GHz), hed a
peak power of 800 kilowatts (KW), a pulse width of 1 microsecond (us), and a
pulse repetition frequency (PRF) of 1 kilohertz (KHz). The transmitting antenna
was a 28 foot parabolic reflector and could be operated with vertical or horizontal
polarization.

The range gated receiver was equipped with a 20 dB standard gain horn an-
tenna and could operate with dther vertical or horizontal polarization. The term
standard gain horn was taken to mean a pyramidal horn antenna designed for opti-

mum gain in both the E plane and H plane.

1.5 Assumptions.

The radar range cells were assumed to be in the far field of both the transmit-

ting antenna and receiving antenna. This implied the wavefronts incident upon the

| terrain and the receiving antenna aperture were planar. This was a valid assump-

tion given the geometry of the test area. Skolnik (15:229) describes the far field as

a distance greater than R where RF is defined as:

Rp = D*/A | ' (1.1)

Where;

D = ihe largest dimension of the antenna aperture in meters (m)
A = the wavelength of the radar in meters

The wavelength, ), was dctermined from (11:1)

A=c/f (1.2)

1-5




Where:

¢ = the velocity of wave propagation, ¢ = 3X10® meters/second (m/s)

f = the operating frequency of the radar in Hertz (Hz)

Using an operating frequenéy of 3.0 GHz in Eq 1.2 yielded A = 10 centimeters
(cm). The largest dimension of the receiver antenna aperture was 45 cm and the
transmitter antenna had an diameter of 28 feet or 8.5344 m. Eq 1.1 was used to
calculate Ry as 2.025 m for the receiver and 728.36 m for the transmitter. Since thg
range from either the transmitter or the receiver (20 Km) was much greater than
RF, the target area wes in the far field and the planar wavefront assumption was
valid.

The procedure developed during this research was limited to stationary ground
based bistatic systems operating at low grazing angle: and all bistatic angles except
the forward scatter and back scatter directions. The radar receiver was assumed to

be operating without using pulse integration.

1.6 Scope.

This thesis was limited to the development of a process for the determination
of the clutter-to-noise power profile for a generic ground based bistatic system. The
process was then applied to five range cells for three bistatic angles of the specific
bistatic 1adar system used by RADC. The range cells selected for analysis represent
only a small sample of the total target area. The clutter-to-noise power profile
concept could easily be extended to an entire target area.

The effects on the dutter-to-noise power profiles of extreme weather conditions,
variations in soil moisture content,and variations in target area population were not

considered in this research effort.




1.7 Approach. }
The research was accomplished in several steps. Barrick (13:671-729) details
processes for calculating scattered power from two classes of rough surfaces. His

" description encompasses coherent and incoherent scattering from slightly rough sur-

faces and incoherent scattering from very rough surfaces. Both cases treat the height
of the surface as a random variable and require knowledge of the distribution of the
Mm heights. Therefore each target site was subdivided and analyzed to obtain
the necessary statistical information. ‘ |

Topographic data for the selected target sites was digitized and entered in a
data base. The data was a.nalyzéd tb'develop statistical representations of the terrain
characteristics. Existing rough surface scattering procedures were used to predict '
the dutter-to-noise power profile of three range cells at each site. The process was
initiated by determining the footprint of the bistatic radar..

1.7.1 Radar Antcnnd Footprints. The radar footprint is the terrain area de-
lineated by the inteisection of the projected transmit and receive antenna patterns
and the concentric ellipses which define the isorange contours of a bistatic radar
system. The size and shape of the individual rangé cells were determined by several

factors:
1. The radiation patterns of both antennas.
2. The relative heights of the antennas and the target area.
3. The bistatic angle formed by the transmitter, receiver, and target area.
4. The distance from transmitter to target and receiver to target.

5. The range gatiag interval used in the receiver.

1.7.2 Terrain Maps. Tupographic maps for the target area were obtained
from the United States Geological Service (USGS) to correlate the physical charac-
teristics of the terrain to the selected range cells. The maps were scaled to 1/250000

1-7




and allowed analysis of the ground cover in the area of interest. The three range cells
selected for evaluation at each bistatic angle were subdivided into smaller blocks for
statistical analysis to determine the mean, variance, and correlation length of the

terrain height distributions covered by the selected range cells.
The information from the topographic maps for the specific blocks of each

range cell was transferred to a memory array where the data was used to determine
the large scale of roughness parameters. Specifically, the dzta répresents the relative
position (x - y coordinates), height, dielectric constant, and type of the terrain
inhabiting the range cell blocks. '

Though the USGS maps are detailed, they lack mﬂicient information to de-
scribe the range cell blocks completely. The maps provide detailed information on
. the locations and relative sizes of buildings, roads, streams, and majér»bodies of
water. The elevation data is provided in the form of three meter contour Lines and
is accurate enough to determine the necessary large scale of roughness parameters
required for the RADC application.

The land cover on the USGS maps was identified as falling into one of six-
teen broad categories. Examples of these categories are woodland, scrub, marsh,
swamr, mangrove, orchard, and vineyard. Though informative, the information was
not detailed enough to determine the small scale of roughuess parameters for the
specific RADC application. If the entire range cell in question had a homogeneous

"~ population, e.g. all of the blocks in range cell one were entizely covered by pine

trees, additional information would still be required. The additional information
would have to be detailed enough to identify individual tree heights so that a height
distribution could be developed. T.e mean and variance of the height distribution
would then be used to calculate the incoherent power scattered by the small scale of
roughness. Information is also needed to determine the relative permitiivity of the
target area surface and any vegetation which may inhabit surface. '

Unfortunately nature is not this cooperative. It is unlikely that the entire




range cell will have a homogeneous small scale of roughness. The extreme case
would involve a different small scale of roughness for each range cell block. In this
instance a separate height distribution would have to be developed for each range cell
block. This process could rapidly become computationally cambersome if developing

a dutter-to-noise power map for the entire coverage area of a specific bistatic radar

system.

1.7.8 Clutter-to-Noise Power Profile Maps. To simplify the calculations re-
. quired, a==as of homogeneous surface characteristics were selected at each target
area. The height distributions in these areas were assumed to be Gaussian in na-
ture. The mean, variance, and correlation distance wgte_extracted' from the data
available on the topographic maps. The cha.fa.cteristics of the identified Gaussian
PDF were used to implement ‘Ba.rlrick’s rough surface scatteﬁ@g formulas.

“Applying Barrick’s formulas to .each range cell characterization area provided
a value for the normalized radar cross section (NRCS) of the block. The area of
the selected range cells was used to determine an average value of RCS which in
turn was used in a variation of the bistatic radar range equatioﬁ' to determine the
scattered power at the recciver. In the cases where the terrain exhibits both scales
of roughness over a single range cell, the scattered power for both cases could be
. calculated and added vectorially. a

The implementaﬁon of the scattering formulas was essenfia.lly the same. The
main difference in the two cases (slightly rough surfaces and very rough surfaces)
was in how they were developed and their surface height variations relative to the
wavelength of the excitation source. The very rough surface formulas .we:e developed
using physical optics principles. The slightly rough surface formulas were developed
using a perturbation technique. '

Plotting the values of duiter-to-noise power for each cell relative to the cell’s
physical position yields a clutter-to-noise power profile map for the bistatic radar.

1-9




The concept is easily extended to include the entire radar footprint.

1.7.4 Performance Evaluation. | The results of this research were to be verified
with the equipment already in place at the RADC bistatic radar sites. The actual
data was unavailable at the time of publication. |

1.8 Overview of the Thesis.

Chapter II presents the theory behind the procedures pertaining to the deter-
mination of clutter reflectivity. Chapter III presents the results of the research effort
and Chapter IV presents conclusions from the thesis and makes recommendations

for further research.

1-10




II. - Theory

2.1 Overview.

 This chapter describes the procedures ﬁsed to ‘calculate the dlutter-to-noise
power ratios for each range bin and provides the theory behind the concepts employed

2.2 Clutter-To-Noise Power Ratio.

In most radar applications, the dutter power received by a system is unwanted
and often treated as noise. In this application, the dutter power (P.) was treated as
the return from a desired target. The dutter power for a bistatic system given by
Skolnik (15:557). | |

P.G:G,)?a,

= @ PDIDILOL )L, 1)

P,

Where:
P, éduttef power received
G =transmitting antenna gain in the direction of the dutter
G, =receiving antenna gain in the direction of the dutter
o \=bistafic radar cross section of the clutter
D, Ltrmmitter to target distance
D, =receiver to target distance |

L,(t) =propagation loss over the transmitter to target path

Ly(r)|=propagation loss over the receiver to target path
L, =system losses |
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A majority of the parameters in Equation 2.1 are known or can be calculated
given enough information about the transmitting hardware, receiving hardware, and
physical layout of the bistatic system. The only factor intimately associated with
the terrain characteristics is o which represents the bistatic RCS of the target.
For many simple geometric shapes the RCS is known or can be calculated with
reasonable accuracy. The problem at hand is that the target of interest is terrain of
varying degrees of roughness populated by cbjects of random shapes, sizes, heights

and densities.

The randomness of the problem requires a probabilistic approach to determin-
ing a value for o} in realistic terrains encountered by a bistatic radar system. The
value obtained for o, is directly relaied to the physical dimensions of the clutter
patch illuminated by the transmitied signal and simultaneously visible to the re-
ceiving antenna’s aperture. Once the visible footprint is identified, other factors can

influence the amount of clutter power received from the footprint.

2.2.1 Factors Affecting the Clutter Power. The other factors which affect the

amount of clutter pover received include the type of land cover found in the footprint

. area, the density of (he land cover, the variation in the surface heights and slopes of

the land as well as the variation in the heights and ¢!~pes of the objects populating
the surface.

In addition to the physical locations of objects in the turget aren, one must
also consider the electrical properties of these objects. The dielectric constants of

both the terrain surface in a clutter cell and of the objects populating the cell affect

" the average amount of scattered power reaching the receiver aperture.

The average clutter power received will also depend upon the incident angle of
the luminating wave (§;), the angle of departure of the scattered wave 14,), and the
bistatic angle () formed by the transmitter, receiver, and target orea. The angles

6;, 8,, and @, are defined at the point of incidence as shown in Figure 2.1 and the
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Figure 2.1. Bistatic scattering geometry.

bistatic angle, B, is defined as x — ¢,.

~ Still other factors can affect the amount of scattered energy received from the
dutter cell. The homogeneity of the surface composition in the clutter cell can affect
the signal contribution from the slightly rough and very xbugh surface contributions.
The size of the clutter cell blocks can have the same effect on the signal levels as
the homogeneity of the surface. Surfaces which have small bhomogereous sections
of many different types of surface present a problem when trying to determine the
dominant material in a dutter cell Nlock. The same situation is possible if the size
of the dutter cell blocks are too large.

Weather conditions can change the reflectivity of a.n area ma matter of x;i;ﬁtes.
Windy conditions can cause the RMS bheight of crops to vary drastically or cause
portions of trees to move in and out of a particular range cell block. Rain can affect
most surface areas by changing the surface moisture content. Snow and ice cover
can totally change the reflection characteristics of a surface area.

Some factors cause seasonal change. Areas covered by vegetation will have an
RMS height which will change as the vegetation grows over the summer or is har-
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vested in the fall. Similarly, forested areas of deciduous trees will have a reflectivity
which will cha.ng? seasonally as leaves appear in spring, grow throughout the summer
and drop off in autumn.

The previous discussion was intended to point out that there is no single solu-
ticn to the problem of predicting the bistatic reﬁectivitj of a given area. So many
factors can affect the results that it is only feasible to estimate fhe value of dutter
power for a givén set of conditions. The estimate must be revxsed as the conditions
change. The first obstacle to overcome in providing this estimate is identifying the
clutter cell location.

2.8 Determining the Antenna Footprint.

The terrain area which scatters electroinagnetic energy that reaches the receiver
during any pa.rticﬁlar range gate period is of primary interest; Deterinination of
these terrain sections is the foundation for all subsequent scattering calculations.
Each dlutter cell is delimited by two features, the bistatic equirange contour lines
for a specific receiver range gate period and the intersection of the transmi‘ter and

receiver antenna patterns. The equirange contour lines establish the areas of possible

. energy return during a range gate period. The transmitter and receiver antenna

patterns are then used to identify subsections of the range cell which make significant

contributions to the received dutter power.

2.3.1 The Equirange Conlour Lines. Figure 2.2 represents a two dimensional
view of the tistatic geometry from which it is desired to determine the dimensions
of the individual range cells. In this diagram the transmitter, receiver, and target
are in the same plane and variations in surface height are being neglected for the
moment. This is the same situation one is faced with ‘when extracting data from a
topographic map.

The angle S is the bistatic angle. The segiaent Dp is the baseline distance in the
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Target

Figure 2.2. Twc dimensional Listatic geometry.

xy-plane from transmitter to receiver and remsins constan! for a given ground based
bistatic system. The segment Dr is the distance in the xy-plane from transmitter
to a selected range cell. The segment Dy is the distaace in the xy-plane from the

~ selected range cell to the receiver. Both segments, Dy and Dy, wili vary in length

with different range cells.
© 777" The amount of dutter power detected by the receiver from each range cell will
be equal to the average of the energy intercepted by the receiver during a single
range gate period. Therefore the width of the range cell is related to the range gate
interval of the receiver. The number of range cells available is controlled by the
transmitter PRF. The easiest way to visualize this is to gxa.niine a timing diagram
for the system.

Figure 2.3.1 is a timing diagram for the general ground based bistatic system.
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Figure 2.3. Ground based bistatic system timing diagram.

The timing diagram is referenced to the receiver. At time To; energy traveling along
a direct path, the dista.née'RB, reaches the receiver. Where Rp is the line of sight
(LOS) or slant range distance from the transmitter to the receiver. In Figure 2.3.]J;'
Tr represents the @ge gate interval of the receiver. The energy for range cell one
strikes the receiver between time Ty and Ty 4+ 7g. Similarly the energy for range oell
two strikes the receiver antenna between Ty + 7r and Ty + 27r. The total numbex;
of range cells, n, is determined by the PRF of the transmitter. In Equation 22

77 = pir has been used. ;
!

1 T '

The shape of a dutter cell for a bistatic system is more complicated tha.n!
its monostatic oounterpé.rt. The most direct method for determining the shape of
a clutter cell is to examine the equirange contour lines for a bistatic system. For
any arbitrary n** equirange contour line, energy reaches thé receiver after a time of
T, + n7R seconds. The distance traveled by this energy is equal to the sum of the
transmitter to target and target to receiver distances. An equivalent LOS distance
can be determined from the wave speed and time of travel. At the time of the nt*
range gate, the wave has been traveling for a period of Ty + nrg seconds. Equating
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Viure 2.4, Relationship between slant ranges and xy-plane distances.

these facts yiclds:

Dr+ Ity = !'(To + nrn) = Rp + ncrp (23)

racy

il il hand side of Fquation 2.3 is a constant value for any given value of
n and 750, the 1eceiver ranee pate interval, If the transmitter is assumed to be an
otropic rudiator, ener-y is radinted in all directions. Bf plotting the target points
Cor oIl directions radially from the transmitter and determining the values for Rp
and [t which eaticfy Tepaation 2.3, these equirange contour lines will be elliptical
in zhape, However Iip and [fp are the slant ranges from the transmitter to target
aod pecctver to tarset respectively and can not be directly plotted on a topographic

f0.

Pioare 24 Mastrates the relationship between the LOS slant ranges (Rg, Ry,
I1) and their corresponding xy-plane distances (Dy, Dy, D) related to the topo-
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In Figure 2.4, the transmitter and receiver are located atop surface heights hAr
and Ap respectively, which are measured from a sea level xy-plane. By letting the
difference in height be 6hg =| hr — hg | , Rp can be expressed as:

Rp = \/(6h5)* + (D5 )) @24)

Similarly Dp can be expressed in terms of Rp and 6hp as:

Dp = V(Rs)? - (6hs)? | (2.5)

By defining §ht =| hr — h. | and Shg =| ha— h. | where A, is the height of the
clutter at the point of reflection, expressions similar to Fquations 2.4 and 2.5 can be
derived for RT, RR,DT, and DR.

Rr = [(6hr)? +(Dry | (2.6)
Dr= V(Rr 2 = (6hr)? (2.7)
Rp = \/(6h8) + (DR)® (2.8)
Dr = \/(RR)? - (6hr)? (29)

A plot of the equirange contour lines is illustrated in Figdre 2.5. The concentrir:
ellipses have the transmitter and receiver as focal points. For any range gate interval,
it is possible for the target clutter cell to include any of the area between the cor-
responding equirange dlipsei. The goal of this research is to determine the bistatic
clutter power from the topography of the area surrounding the system. Therefore,
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Figure 2.5. equirange contour lines for a ground based bistatic system.

a process is needed to identify any or all of the equirange contours for a given radar
system on a topographic map of the area surrounding the system.

Figure 2.6 was partially extracted from Beyer (4:198) and Jlustrates the basic
geometry for any ellipse. For an dlipie certered at point (h,k) with its major axis
parallel to the z axis of a cartesian coordinate qsteﬁ, Beyer (4:199) lists the following
expression for the ellipse: '

(= :,h)’ + 8 ;")2 =1 |  (210)

Expressing a, b, A, and k from Equation 2.10 in terms of che known system

parameters 7r, Dp, Dr, DR, and n will allow the delineation of the equirange con-

tour lines on the topographic map. For convenience we choose a coordinate system

centered on the transmitter with the x axis collinear with the slant range Rp.

For any dlipse, the sum of the distances from any point on the ellipse to the
foci equals the distance 2a in Figure 2.6 (4:199). Applying this principle to Figure 2.7
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Figure 2.6. Basic geometry for au dlipse.

where the distances from any point on the equirange contour to the foci are Ry and
Rp yields:

a= El:;-ﬁ! (2.11)

From Equation 2.3 it was shown that Rr + Rp is equal to Rp +ncrg. Substi-
tuting this into Equation 2.11 yields:

a= 51’-"-'2-'1”-’9- (2.12)

Beyer (4:199) states that the distance from the center of the dlipse to either
fodi, d.g, s given by:

de] = vVal - » (213)
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Figure 2.7. Geometry for the case when Rr = Rp.
|

From Figure 2.6 it is lear that the distance do; i equal to Rp/2. Substituting
Rp/2 into Equation 2.13 for d.; and the t;ight hand side of Equation 2.12 for a,
simplifying and solving for b yields:

|
|
|
|

. ﬁcm(zz:'p ¥ ners)

|
Substituting these expressions for a and b given by Equations 2.12 and 2.14

into Equation 2.10 and noting that k = 0 for the geometry shown in Figure 2.6

(2.14)

 yields:

4(3 - h)’ 4”’ - s
(Rp + ncrp)? + ncrr(2RB + nerr) =1 2.15)
Rearranging terms in Equation 2.15 a.pd solving for y yields:
, = Yoera(@Rs + nem)l(Ra + nern)t = 4z = B .10

2(Rp + ncrg)
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Using Equation 2.16 the magnitude and direction of Rr can be determined by:
Rr=\[y*+2? (2.17)

Og, = arctan % (2.18)

" Substituting Equation 2.17 and Shy =| hr - h. | into Equation 2.7 yields
an equation which can be used to determine an exact value for Dy which in turns
idertifies two points on an equirange contour line on the topographic map.

Dr = /= +y* - (hr — ho)? (2.19)

Using Equation 2.19 to identify equirange contour lines on a topographic map
can become a very time consuming process because use of the equation is iterative in
nature. For a selected value of z, a corresponding y is calculated. These values along
with the known transmitter site height, A1, can then be used with Equation 2.19 to
determine Dy from the clutter heights, k., along the direction given by Equation 2.18.
The process is a trial and error procedure when completed manually in search of the

- values of Dy and h. which satisfy the equation. If digitized surface height data were

available the process could be antomated, but this is not the case.

An alternative is to establish an aécepta.ble level of error ‘in Dt and identify
the conditions where Dr can be approximated by Rr. Rr is easily identified and
can be plotted directly on the topographic map by using Equations 2.16.

Let the error associated with assuming that Dr can be approximated by Rr
be denoted by epp where erp is defined as:

_ Rp - Dr

€RD Fr (2.20)
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The maximum width of any clutter cell will occur along the major axis of the
equirange ellipses which define the cell. For an arbitrary n' dutter cell, the distance
traveled by the wave from the transmitter to the leading edge of the ellipse defining
the cell is ¢(To + (n — 1)7r/2). Similarly, the distance traveled by the wave to the
outermost ellipse which defines the n** dutter cell is (T + n7r/2). Therefore the
muximum width of the n** dutter cell is given by:

m=c(To+1§‘l)—c(To+(l—'-2-92)=fT2-’-'- »‘ | (221)

The criterion for determining the quality of the Dy = Rr assumption will
be how mmch error is introduced into the width of the dutter cell and in turn the
location of the dutter cell delimiting ellipses. Letting the P represent a numerical

‘percentage expression the condition for the assumption is stated as:

ers S PW. (2.22)

Substituting Equations 2.21, 2.20, and 2.7 into Equation 2.22 yields:

Rr —/(Rr)? - (6hr)? < Perr

i < (2.23)

Substituting Shr = \/(hr - h.)? into Equation 2.23 and solving for A, yields:

he < ctry[P 2R = P(cTg)?] + hr (@2

By specifying a percentage of the total range cell width, P, as an allowable error,
Equation 2.24 can be used to identify a range of cutter heights, A., which allow Dy
to be approximated by Rr. For areas which meet the conditions established by
Equation 2.24, Equations 2.16 and 2.17 can be used to identify the perimeters of

specific range cells.

213




Figure 2.8. Clutter Blocks Created by the Antenna Patterns.

2.3.2 The Antenna Patterns. Once the equirange contour lines have been
identified, the actual shape of the target area which contributes to the dutter power‘
detected at the receiver can be determined by overlaying the the system antenna
patterns as illustrated in Figure 2.8. In this research project, the main beam pat-
terns as well as the significant side lobe patterns will be considered. In Figure 2.8
07m; and Opn represent the 3 dB beamwidths of the transmitting and receiving an-
tennas mail lobes. The notation used is similar for the side lobes. The side lobe
beamwidths represented by Or,; and Og,; are determined by the width of the side
lobes at points where their power has decreased to 3 dB below maximum. The

dashed lines represents the equirange contour lines which delimit the range cell.

The impact of including the side lobe patterns is that a particular range cell
may include up to nine individual clutter blocks which act as sources of scattered
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energy as opposed to a single dutter block ivhen only the main beams are considered.
The additional dutter blocks are a result of the interaction of the main and side lobes
of the two antennas. Each antenna pattern intersection in a single range cell will be
treated as a separate clutter cell as shown in Figure 2.8. Here the individual clutter
cells are labeled al,a2,a3, and a4 to identify the different possible combinations of
gains and beamwid{hs.

In the diagram, al represents the intersection of both main beam pa.ftetns
while a2 identifies the intersection of the transmitters main lobe and the receivers
side lobes. Similarly, a3 identifies the receiver main lobe to transmitter side lobe
intersection and a4 the side lobe to side lobe intersections.

The number of additional clutter blocks to be considered will depend on the
width of the range cell, the bistatic angle, the base line distance between the trans-
mitter and receiver and the individual antenna patterns. Note that in Figure 2.8 the
range cell shown has only eight clutter blocks. This situation will not arise for the
system used in this research because of the narrow transmitter beam width and the

short distances between the transmitter, receiver, and target area.

Each dutter cell may have to be fuxther subdivided into blocks and analyzed -
individually. The analysis of tke target area terrain involves identifying the heights
those areas which exhibit similar roughness characteristics and surface cover. Each
similublockdmrfaceueammalyzedtodeterminetheineanmdvaﬁanceof
_ the heights and a height distribution which best describes the block. From these
characteristics it was possible to calculate the RCS for each target area blodé»,. For
those dutter cells which engulf more than one type of surface area, the cell be
ferther subdivided into dutter blocks corresponding to the respective target ‘area
blocks. The RCS from each target area block can then be used with the area of| the
clutter block to determine the power coniribution from that clutter block. The total
power from the clutter cell will be the sum of the powers from the individual cutter
blocks.
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The notation used in Figure 2.8 is not meant to imply that all clutter cells
labeled similarly will have the same type of height distribution or even identical
physical areas. This requires that the receiver dutter power formula given by Equa-
tion 2.1 be modified to replace a single transmitter gain, receiver gain, and bistatic.
cross section with summations as shown below to account for the multi'ple gain and

cross section products.

_ PA? (GTmGan'b., 4+ GrmGR L Obpgi + GToGRm T2y Obes; + G1aG Ry Ty mek)

F (4r)3D?D?L
k (225)

Where:
Grm = gain in tra.ﬁsmitter main lobe
Gr, = gain in transmitter side lobe
GRm = gain in receiver main lobe
GR, = gain in receiver side lobe

oy,; = cross section of ai** dutter cell

2.4 Determining the Incoherent Contribution Power.

2.4.1 Rough Surface Models. Many models exist which describe scatteting
* from rough surfaces (3:70-99), (13.671-753),.(9:75-89). The most general of these
is presented by Barrick (13:703-729). He addresses two specific cases for incoherent
scattering, slightly rough surfaces and very rough surfaces. The approach varies
for determining the normalized RCS depending upon the roughness of the surface.
Barrick denotes the scattering coefficient as v(6;,6,, ¢,) (13:672) which he defines as:

(0(%,06.,4.)) (2.26)

7(00')00? ¢J) = A

Where:
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A = The area of the terrain surface being characterized.
(o(6:,6,,4,)) = The average RCS of the surface in quesiion.

It is apparent from E(jua.tion 2.26 that Barrick’s 7(0;, 0,, ¢,) is often denoted as
o the normalized Radar cross section '(NRCS) by other authors. For a given target
area, Equation 2.26 will have to be used for each section of the target area that
displays different height or surface cover characteristics. The target area composed
of homogeneous characteristics used to determine the RCS of the area may not be
totally illuminated by the wave front for a single range cell. The RCS in Equation 2.1
is the total cross section of a single range cell. Therefore o, for a given range cell is
ﬁven by:

oy =100 )4 = (0(0:,006)) - (227)

Where: ‘

A. is the area of the terrain illuminated by the wavefront which corresponds
to a given range cell.

Two assumptions stated by Barrick (13:672) are: D;D, 3 A, the product of the
target to transmitter/receiver distances must be greater than the area of the terrain
characterization surface in question, and A? € A, the operating wavelength must be
much less than the area of the terrain characterization surface. These assumptions
can be used to set limits on the size of the homogeneous areas of terrain used to
‘develop the terrain statistics (\? < A < D;D,). '

The roughness scale is determined by comparing the rm- height of the surface
(R) to the wavelength ()) of the signal being transmitted. For cases where A < A,
the surface is considered to be slightly rough. When A 33 A, the surface is considered
as a very rough surface.
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2.4.2 TIncoherent Scattering From a Slightly Rough Surface. Barrick (13:703-
706) explains incoherent scatteriz 3 from a alighily rough homogeneous surface as:

Tog = ;—kgh’ ccs® ;082 8, | ap, 2 1 (2.28)

Where p and g represent the polarization state of ihe incident and scattered
waves. In Equation 2.28 the quantity I was defined as Dilows:

I= -/OQT'P(T)JO (rkov fz + fz » dr = {;u“ (kovre_ng) (2_29)

In Equation 2.29 §;, §,, p(r), and r are defined as:

{e=sinf —sinf,c84, (2.30)
¢ =sin0,sin g, (2.31)
E olr) = (6 y),f,( =) | (2.32)
; r=ye-=P+@-y) (2.33)

Equation 2.32 is the surface height correlation coeffident. In order to use
Equation 2.29 the distribution of the surface heights must be known or a height
distribution must be assumed. The two most commonly used distributions (13:704)
are Gaussian and two sided exponential. A Gaussian surface height distribution
will be assumed for the work accomplished during this research. Based on this
assumption, Equation 2.32 becomes:
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plr) = exp (‘—,23) | (230

Substituting Equation 2;34 into Equation 2.29 and carrying oﬁt the integration
yields: o . ;

I=xlexp [ﬂ%’z’—t@] ’ l(2.35)

Where the quantity ! in Equations 2.34 and 2.35 represents the correlation
distance, the distance required to cause the correlation function to reach a value of
1/e.

The final term required for Equation 2.28 is an éxpreuion for the a,, term. As
previously stated, only Bnear polarizations are to be considered here, therefore the
only terms which apply to the task at hand are ans and agy. The terms are defined
by Barrick (13:706) as: | ‘

(ke =1) (u, sin 0;sin 0, — 008 §y/erpir — in* Oiy/erpsy = sin? 0, ) + 2 (& ~ 1) cos 6, |

Qpp = —
(I‘r cos 0; + y/€, 1, — sin® 0.-) (I‘r c0s 0, + \/€- 4, — gin’ 9.)

"(236)

(& =1) (e, sin 6; 5in 0, — 008 §,\/ et — £in? Oy e iy —dn’O.) +&(p, —1)cosd,
Ayy =
(e,co80a+\/e'u, -—sin’ae) (e,oosﬂ.ﬂ/e'p, —sin’ﬂ.)

Where:

(2.37)

¢ =The relative permittivity of the target area.

pr =The relative permeability of the target area.
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Equations 2.36 and 2.37 can be simplified by assuming that objects in the
target area will probably consist of nonmagnuetic materials. This implies that p, ~ 1
and Equations 2.36 and 2.37 can be recast as:

(Cr - 1) cos ¢n (238)

Qpp = —
(0030.-+\/e,—sin20.-’ (0080,+1/e,—sin20.’

(er = 1) (& sin i sin 6, — cos guy/e, — sin? Bife, —sin?6,)
Qyy =
(e,.coso.- +‘\/e, ~gin0; ’ (6,0080. + Ve ~ gin%0, '

The incoherent scattering from slightly rough surfaces typically is caused by
the material covering the terrain surface like grass, crops, and foliage. A detailed

(2.39)

description of these items is required to develop a statistical characterization. of their
heights and composition. Unfortunately, this type of information is not available
from topographic mai)s.

The maps do provide a general description of thé type of land cover in categories
kke foresf, swamp, sand etc. More specific information about the ground cover is
required to implement the procedure outlined in this section therefore, incoherent
scattering from slightly rough surfaces will not be demonstrated in this report.

2.4.8 Incoherent Scaltering From Very Rough Surfaces As the roughness of
the surface increases, the scattered power attains more contribution from the in-
ccherently scattered power and less from the coherently scattered power. Barrick
states (13:719) for koh > 5 the scattered power is essentially incoherent.

The approach for deriving the very rough surface solutions differs from the
slightly rough surface approach. The principle of physical optics was used by Bar-
rick to solve the Stratton-Chu integral equation to describe the scattering from very
rough surfaces. His derivation and analysis are based on the tangent plane approxi-
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mation to identify the surface current present on a finite rection of terrain to solve

the integral eqnation. A statistical representation of the randomly oriented terrain
surface heights i1s required to express the seattering as specular reflection from the

random surfaces in the target arca (13:719). s approach (13:720) invokes the

\
- RV AN B < £

following restrictions:

1. The radius of curvature >» A,
2. The rouphness is isotropic.
3. The correlation length [« VA,

4. The cffects of mnltiple seattering and shadowing were neslected.

Basced upon these assumptions, the average NRCS as derived by Barrick (13:720)

is given by:

Toa = Bpa 11T ‘ (2.40)

In Equation 240 f,, and J are analo-oiis to the quantitics a,, and I for the

| dlightly rough surface. Where J is d~fined by Darrick as:

= 2} / rdo (rkoy/€2 + €2) Megr (i Kobey =ikofyir) dr (2.41)

Where:
Jo(z) is a zero order eylindrical Deseel function.
¢ and ¢’ are surface height random variables separated a distance r.

Meo(iu,1v;r) is the joint characteristic function of the surface height random

viriables.

Tl joint characteristic function is the Tourier transform of the joint proba-

bility density function (JPDF), £75(¢,¢'), which describes the surface heights, As
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‘with the ] function from Equatidn 2.29 fof the dlightly rough surface, the density
function describing the heights must be known or assumed to calculate a value for
the J function. This JPDF will again be assumed to be Gaussian and given by:

1 '{_Ic*—zcc'p(r)+«')’1} 2.42)

k6. €) = 27h? (1 - p’(r)]* 21 —Pz(")l

In Equation 2.42, ¢ and (' represent the surface heights at two locations (z,y)
and (z’,y’) and p(r) represents the Gaussian correlation function given by:

—r2

o) =exp (77 ) | (243)

Where:
r? = (z — z')* + (y — y')’ The distance between two i)oints.
I? = The square of the correlation distance.

Barrick (13:721) argues that the Gaussian correlation coefficient, Equation 2.43,
can be expressed by the first two terms of a power series expansion for his develop-
ment of the high frequency scattering model as:

3
prl-— B . (2.44)
Using the Gaussian height JPDF given in Equation 2.42 and the small

signal approximation for the (Gaussian surface height correlation function given in
Equation 2.43 in Equation 2.41 yields the following expression after integration:

4 1 (848 o
J = 262 exp [-—;'2- (_f?-l (4.45)
Where the quantities in Equation 2.45 s2, &,, §,, and ¢, have been defined as:
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£ =tin0; —tinf,co0 4, - | (2.46)

{y = sin f;sin ¢, (2.47)
& =—0086; — c0s §, (2.48)
= 5—,’:—2 | (2.49)

Where:
h? is the mean squared roughness height.
l is the surface correlation length.

The scattering matrix in Equation 2.40 is xepréented by Bpq, where again the
subscripts p and ¢ denote the polarization state of the transmit and receive antennas
respectively. In this research, only vertical and horizontal linear polarizations were
considered and the scattering matrix elements were defined as:

_ 9203Ry (1) + sin i sin 6, sin? 4, R, (3)

o (2.50)

B

B = —5ndisind, sin’ 6, Ryl) — azasRu(1) (2.51)

a1a84

The expressions R, (t) and Ry(s) are modified Fresnel reflection coefficients
given by the following expressions: |

€, co81 — /e, u, — gin3s

Rye) = & 008t 4 \/e,.p, —sin3;
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pir c08 3 — \[€ i — gin®3

Ri(s) =
1) pr 081 + \[€pte — gin’s

The angle + used in Equations 2.52 and 2.53 has been defined as follows by
Barrick:

(2.53)

cosz=71§-\/1-sin0.-sin0.cos¢.+oo00.-co50, | (2.54)

The quantities a,, a3, a3, and a4 used in Equations 2.50 and 2.51 have been
defined as follows:

a;=1+sin0;sin0.cos¢.—m30;oodﬂf (2.55)
" a3 = cos 0;gin 0, + sin §; cos §, cos ¢, (2.56)
a3 = gin 0;8in 8, + cos ; sin 4, cos ¢, (2.57)
a4 = cos §; + cos é. (2.58)

By using the expressions given above, the NRCS of a selected block of ter-
rain which meets all the restrictions listed can be calculated for any given bistatic
geometry. The NRCS can then be multiplied by the area of this terrain which is
illuminated by both transmitting and receiving antennas for a particular range cell
to determine the the RCS. Once the RCS is known, the scattered power from the
section of terrain can be determined by using Equation 2.25.
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III. Application of the Process and Results

3.1 Known System Parameters.

In this chapter the process described in Chapter II will be applied to a ground
based bistatic system operated by the sponsor, RADC/ EECE. The process elements

~ which can be implemented from information obtained from topographic maps will
~ be illustrated and results presented.‘ The starting point is to identify all known

parameters for the system in question.

The transmitting hardware is a pulsed 3 GHz S band weather radar system lo-
cated near Stow Massachusetts and operated by the Air Force Geophysics Laboratory
(AFGL). The transmitter radiates a peak power of 800 KW using a 28 foot parabolic
dish antenna. The antenna is located atop a 15 foot tower on a hill top which has
an elevation of approximately 93 meters, therefore the quantity hr =~ 97.572 mefers.
The transmitter has a PRF of 1 KHz and a pulse width of 1 4S. The beam width of
the antenna’s main lobe was estimated by the sponsor to be approximately 1°.

The receiving hardware is located atop Prospect Hill in Waltham Massachusetts
and employs a staqdud gain 20 dB horn antenna. Prospect Hill is approximately
144 meters above sea level, therefore the quantity Ar & 144 meters. The receiver is
capable of operating with a variety of range gate intervals but will vsc a 1 uS interval
for this project, therefore the quantity 7 = 1uS. - | | |

The knear distance between the transmitter and receiver sites is 19.248 Km
and the baseline slant range can be determined from Equation 2.4 using hy = 97.572,
hp = 144, and Dp = 19248, Performing the calculation yields Rp & Dp = 19248
meters. '
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3.2 Establishing the Clutter Cells.

To establish the cutter cells three patterns must be identiﬁed; The equirange
contour lines' must be identified on the topographic map. In addition both antenna
patterns must be identified. The intersection of the antenna patterns and a particular
range cell identifies the clutter cell dimension applicable to that particular range cell.

3.2.1 Identifying the Equirange Contour Lines. The first step is to determine
the equirange contour lines. Both sites are located on a single USGS topographic
map, The Maynard Massachusetts 7.5 by 15 minute map. A rectangular coordinate
system was established on the topographic map such that the transmitter site was
located at the origin and the base line between the transmitter and receiver was
taken as the x axis. The coordinate system was scaled so that 1 cm corresponds to an
actnal distance of 250 meters. A fortran program was written based on Equation 2.10
which produceS y values for §50 meter increments of the z coordinate. The equirange
contour lines were manually plotted on the map for the first 22 range cells.

The Limitations initially placed on the data collection area by the spomsor
were that the powers from 3 to 5 range cells were to be estimated with the bistatic
angle, B, held between 120° and 160°. These requirements were altered during the
course of the research in that the sponsor specified three actual target sites on the |

aforementioned map.

3.2.2 Identifying the Antenna Patterns. Little information was available about
the antenna characteristics in addition to the parabolic dish diameter and the gain
of the horn antenna. However from the information available it was necessary to de-
termine the beam widths of the main lobes and side bobes of bcth antennas and their
locations relative to the antenna bore sight so that the dutter block area determined
by the intersection of the two patterns could be determined.
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. 8.2.2.1 The Transmitling Antenna. As previously stated the only in--

* formation available on the transmitting antenna pattern was that the main lobe
beam width was approximately 1°. In order to identify the side lobe beam width
and relative locations of the side lobes as well as the gains associated with the beam

widths it was necessary to perform some reverse engineering. No information was -

_ available to the researcher abcut the dish feed antenna or the illumination pattern.

As a first attempt to identify a feed pattern which l;toduced a 1° beamwidth, |

the parabolic reflector was treated as uniformly illuminated circular aperture, where
“the transmitting antenna had a diameter of 8.5344 meters. Kraus (7:344) gives the

normalized field pattern as:
Ji |(=R)sin 0 .
En(a) =2 (D)eind : (3.1)

D = the diameter of the aperture

| Where:

0 = the angle with respect to the normal to the aperture
Ji = first order Bessel fnpction
The normalized power pattern can be obtained from Equation 3.1 as:

5 [(2R)sin 8] |
Fi(6) = 7500 =| o) = {2 Lo } 6:2)

The beamn width for the main beams will be taken as the 3 dB beam width of
the normalized antenna power patterns. The 3 dB points occur at the point where

Equation 3.2 drops to a value of 1/2 from the maximum power point which occurs
on bore sight. Letting z = xD/Asin 0, implies that: ’

Jx(-’t) 1 .
= —s 0. .
= = g5 = 038355 (3.3)
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Using Balanic’ Ji(z)/z table (1:943) and interpolating to find the value of z
for Ji(z)/z = 0.35355 yiclds z = 1.61612. But z = 7 D/Asin 0, therefore the 3 dB
point occurs at = arcsin(1.61612A/x D). The half power beam width (HPBW) is
equal to twice the 3 dB point, hence:

(3.4)

HPBWpqy = 2arcsin (lﬁl@lﬂ)

D

Applying Equation 3.4 to the transmitting antenna yields a beam width of 0.7°.
In on atiempt to locate a feed pattern which produced more acceptable results, the
{>2d vattern was assumed to have a parabolic taper. Stutzman and Thiele (17:420-
421) provide information in tabular format for several orders of parabolic taper
end edge fllumination. Using the HPBW as a guide it was determined that the
transmitter pattern more closely matches a second order parabolic taper. They

estimate the HPBW in radians as:

HPBW(rad) = %Z-A- - k‘.‘Dﬂ (3.5)

Using 2 wavelength of 10 cm and a dish diameter of 853.44 cm in Equation 3.5
yields a HPBW which is approximately 1°.

HPBW (rad) = -(-1;573)-——%9—)- = 0.0172244rad = 0.986° (3.6)

The normalized field pattern associated with a second order parabolic taper is
given by: »
43J3(*2 sin 0)

Eﬂ(o) = D .

5 sin 0)3

(3.7)

The normalized power pattern of the antenna is equal to the square of the
rormalized field pattern, therefore:
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RO - [T @
The location of the side lobes and the respective 3 dB dowﬁ beam widths must
be determined for .the antenna pattern. The first side lobes occur at the first peak
of the Bessel function away frem bore sight. Referring the the Balanis tables again
(1:942) this peak at z ~ 7.9167. But z = xD/Asin 0, therefore setting the two

quantities equal and rearranging to solve for 0 yields the center line direction for the
first side lobes. |

(3.9)

6. = +arcsin (7.9167)«)

xD

Solving Equation 3.9 to determine the angle which corresponds to the side lobe
center lines for the transmitter (O yields 8, = 1.70°. The normalized power levels
at the side lobe center lines was obtained from Equation 3.8 By setting z = 7.9167
" and solving which yielded a power of 816.956 uW or —30.9 dB. At the 3 dB down
points from the side lobe centef line this power is cut in half to 408.48 uW. Therefore
solving for the corresponding angle F,(9) = 408.48 uW yields a recursion equation
in z. Solving the equation yields z = 8.81. Replacing 7.9167 in Equation 3.9 with
8.81 and solving identifies the location of one of the 3 dB down angles.

. (8.81)
0,"., = % arcsin (W) - e : (3.10)

Using Equation 3.10 to find the side lobe 3 dB down angles for the transmitter
produces 1.88°. The side lobe HPBW equals twice the difference between the side
lobe center line angles and the 3 dB down angles. Hence for the transmitter:

-

HPBWy = 2(8,1t — Ouinpp) = 0.37° (3.11)
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- The final process in determining the transmitter antenna pattern was to de-
termine the appropriate gains for the main and side lobe beam widths. Barksdale
(2:1-54) identifies the directive gain function of an antenna as:

D,(8) = GoFa(6) | (3.12)

Where G in Equation 3.12 is the maximum power gain of the antenna. Equa-
tion 3.12 has been modified to no ¢ variatioﬁ since the parabolic antenna in question
has a.ntenha. patterns which are symmetric in the ¢ direction. The maximum power
gain of the antenna, Gy, is equal to the efiiciency of the ani~nna times the directivity

of the antenna.

Go=eDpy | (3.13)

The eﬁiciency of a parabolic reflector (10:6) can be estimated as, e = 0.55.
Kraus (7:345) identifies the directivity of an antenna as:

4z A | .
Do = =3 2 (3.14)

Where A, in Equation 3.14 is the physical arez of the aperture. For the
parabolic reflectors the aperture area is the area of a drcle of diameter D. Sub-
stituting A, = x(2)? into Equation 3.14 results in: |

xD

Do = (T)’ | (3.15)

Combining Equation 3.15 and the efficiency estimate of 0.55 in Equation 3.13

results in a maximum power gain of:

2 .
Go = 0.55 (%12) 3.16)
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Applying Equation 3.16 to the transmitting antenna in thic bistatic system

yiclds a maximum gain for the transmitter of:

Go, = (0.55) ('8(')5:1,’44

\ |
) = 30537.4 = 45.97 dB (3.17)

Applying the results of Er;uation 3.17 to Equation 3.12 results in gain functions
which can be used to identify the gains associated with the main and side bobe beam
widths of the antenna. The gain of the antenna main beam was taken to be equal to
the maximum directive gain. The gain for the side lobe beam widths were calculated
2s the gain at the side lobe cenier angles, 8 = 0, = 1.70°.

D,,(8) = Go, Fa(0) lo=s,,= 34.43 = 15.37 dB (3.18)

3.2.2.2 The Receiving Antenna As previously mentioned the 6nly in-
formation provided was that the receivicg anteana was a 20 dB standard gain horn
antenna. From the literature reviewed the term standard gain was most often ap-
plied to pyramidal hoin antennas designed for optimum gain. Though this was not
explicitly stated in the material, the following procedures are based on this assump-
tion.
Stutzman and Thiele (17:411-415) outline a procedure for des:gmng an opti-
mum gain pyramidal horn. The results of their design procedure are the pertinent

—physical dimensions of the antenna. These dimensions-are illustrated in Figure 3.1.

From these dimensions the gains and beam widths can be estimated from the uni-
versal radiation patterns provided (17:409). -

From the conditions for optimum gain of E-plane and H-plane sectoral horns,
Stutzman and Thiele (17:413) develop a recursion formula for designing an optimum
gain pyramidal horn illustrated in Equation 3.19. -
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Figure 3.1. Pyramidal Horn Geometry.
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Equation 3.19 can be used to solve for ¢ provided the waveguide dimensions a

V-4 - = (52 9 (p2-) 6w

and b feeding the horn and the gain G are known. In Equation 3.19 ois g . Jy:

g

2 (3.20)

G =

Therefore Equation 3.19 can be used to solve for o which in turn can be used

to determine the dimension £g. With the value of /g Equation 3.21 can be used to

determine B.

B =/20R; m/2)M (3.21)
With a value for B Equition 3.22 can be used to determine A.

G= e,,,,‘-f\-’zia, = i—:(AB) (3.22)

Where €., in Equation 3.22 is the aperture efficiency of the antenna. An
aperture efficiency of 0.5 is a common value used for horn antennas. The quartity
A, in Equation 3.22 represents the physical area of the antenna aperture which is
equal to the product AB. With the lengths A and B established, the universal
radiation patterns providéd by Stutzman and Thiele (17:409) can then be used to
identify the beam widths of the main and side lobes for both the E-plane and H-plane

sectors as well as the respective directions of the side lobes relative to bore site.

The waveguide dimensions were obtained from Pozar (11:716), where he iden-
tifies a WR-284 waveguide as an appropriate choice for S band. The dimencions
for WR-284 are a = 7.214 cm and b = 3.404 cm. Stutzman and Thiele suggest
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an initial value of 0 = G/2rv/6. After many iterations, it was determined that
o = 6.21430022. Using this value in Equation 3.20 and solving for ¢ yields:

£ =)o = (.1)(6.21430022) = 62.413cm (3.23)

Using this result in Equation 3.21 to solve for B yields:

B ~ V2M = /(2)(10)(62.413) = 35;33em ‘ (3.24)

Using this value for B in Equation 3.22 and solving for A yields:

A

2 2

= 55~ Ema = S0 029
Using these values and the universal radiation pattems‘(17:40.4,409) the neces-

sary patterns were identified. In the E-plane, the 3 dB beam width was established

as 14.14°, The first side lobe occurs at 23.6° has a beam width of 7.6” and is 9.1 dB

down from the main lobe. In the H-plane, the 3 dB beam width was established as

11.1° and the side lobes are not distinguishable from the main beam. '

3.2.8 Identifying the Clutter Cells. The clutter cells assume the shape out-
lined by the Litexsection of a selected range cells, the transmitter antenna patterns,
and receiver antenna patterns. Before the antenna patterns from Section 3.2.2 can
be overlaid on the equirange contour lines which delineate a specific range cell, the
bistatic angle for the system must e selected. As previously mentioﬁed, the require-
. ments were altered by the sponsor during the course of the research. Originally three
bistatic angles were to be selected between 120° and 160°. In Light of the fact that
an adequate shadowing function liad not been developed and use of a shadowing
function would require digitalization of all terrain heights between the transmitter
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and target as well as between the receiver and target, three sites were jointly sclected

by the researcher and the sponsor.

Site one was a hilly forested area located approximately 500 meters south of

Lincoln, Massachusetts. The distance from site one to the transmitter (D7) was

measured to Le 14.4625 Km. The distance from site one to the receiver (Dg) was

measured to be 5.775 Km. The bistatic angle was determined by applying the law
of cosines to the geometry involved. 'Iiis general form is provided in Equation 3.26.
Applying the values for Dy, D, and the baselinc distance between the transmitter
and receiver (Dp = 19.248Km) to Equation 3.26 yielded » histatic angle of 140.0°

for site one.

D} + D} - D},

2DnDr (3.26)

B = arccos

Site two was Fairhaven Hill loca.téd approximately 2.5 Km south of Concord
Massachusetts. The distance from site two to the transmitter (D7) was measured to
be 11.050 Km. The distance from site two to the receiver (Dg) was measured to be
9.875 Km. Using these values in Equation 3.26 resulted in a bistatic angle of 133.7°
for the physical layout of site two, | .

Site three was Pine Hill located approximately 500 meters west of the Haﬁscom
Air Force Base runways. The distance from site one to the transmitter (D7) was
measured to be 16.1125 Km. The distance from site one to the recciver (Dg) was
measured to be 9.9625 Km. Substituting these vaiues into Equation 3.26 yielded a
bistatic angle for site three of approximately 92.1°, which is outside of the original
target range for bistatic angles.

The antenna patterns were then manually plotted on the topographic map
at each of the selected sites. The intersection of the transmit and receive antenna
patterns was used to identily the portions of range cells lluminated at each sie.
This intersection of the transmit and receive antenna patterns along with the range
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cell constitutes a clutter cell. At site one, the transmit antenna’s main lobe and side
lobe patterns intersect with the receive antenna’s main lobe pattern over range cells

'3, 4, 5, and 6. The receiver antenna side lobe pattern intersects with the transmit

-antenna’s main and side lobe patterns over range cells 6, 7, 8, and 9.

For site two, the transmit main and side lobes intersect with the receive main
lobe over range cells 4, 5, 6, 7, and 8. The &oeive antenna side lobe intersects
the transmit antenna’s main and side lobes over range cells i0, 11, 12, 13, 14, and
15. As the bistatic angle decreases, the antenna pa.ttetn' intersection points occur
at distances farther from the baseline between the transmitter and receiver. As
the intersections occur farther from the baseline, the range cells get progressively

narrower and hence more range cells are illuminated.

For site three, the transmit main and side lobes intersect with the receive main
lobe over range cells 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, and 29. The receive side
lobe intersects with the transmit main and side lobes over many range cells starting
from cell number 24 and continuing off the map.

In order to apply Barrick’s rough surface scattering formulas, it was necessary
to charucterize the terrain being illuminated in the dutter cells statistically. The

~ terrain to be characterized was first divided into rectangular blocks as shown in

Figure 3.3 such that each Nock covers an area of terrain with homogeneous charac-

teristics. Unfortpnately, nature rarely simplifies the procedure by allowing an entire

area illuminated to be composed of a sing'e area of homogeneous characteristics. An
example at this point may be helpful. _

Assume that S particular dutter cell has been identified on the topographic
map. The terrain area of the cell is partially composed of forested hills and partially
composed of rolling grass land. The site would have to be divided into two rect-
angular blocks, one to characterize the forested area and a second to characterize
the grass land. The intersection of the clutter cell and the forested characterization
block would be considered a clutter Block. Similarly, the intersection of the grass land
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characterization block and the dlutter cell would comprise a second dutter block. To
find the scattered power from ﬁﬁs section of the range cell would require solving for
the dutter power from each dutter block individually. The total power from the two
dlutter blocks would be the sum of the individual magnitudes.

‘8.8 Terrain Site Characterization.

It is easy to see how performing these calculations manually could quickly
become an accounting nightmare. The area illuminated by the receive antenna main
lobes and the transmitter antenna’s total pattern covers portions of five range cells.
The receive antenna’s side lobes intérsect with the tranamitter antenna’s full pattern
over portions of six range cells.|In this situation, each range cell is composed of from
one to three clutter cells. The oiomplty increases with the number of dutter blocks
involved ﬁth each clutter cell; For these reasons, only three range cells at each site
were selected for the demonstréation of the process described in Chapter two.

Several pieces of statistical information from each homogeneous terrain area

to be characterized were teqni/(ed to apply Barrick’s formulas for determining the
NRCS of the areas in qnestionj ’

First, recall from Section’ 2.4.3 that knowledge of the height distribution was
required to solve the surface current integral in Equation 2.41. In this research, the
distribution has been a_ssumed! to be a joint Gaussian probability density function
denoted by the random variable {(X,Y). One advantage to this assumption is that
Barrick (13:721) has provided a closed form solution for Equation 2.41 when the
distribution is Gaussian.

Barrick also provides a dosed form solution for a joint exponential height dis-
tribution (13:721) however, Roseman (12:1-2) disputes the validity of the joint ex-
ponential distribution as a valid joint probability distribution function and raises
questions as to its validity for representing rough surfaces. Therefore, for any distri-
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Figure 3.2. Terrain Ccattering Geometry.

bution other than the joint Gaussian pdf, Equation 2.41 would probably have to be
solved numerically. '

Second, the reference plane depicted in Figure 3.2 is co-planer with a plane
passing through the mean value of the surface height distribution. Therefore, the
sample mean of the random variable {(X,Y’) was required to determine the incident
\ angle and scattering angles of the electromagnetic energy at the terrain site.

* The third statistical quantity required from the surface height distribution
.‘., was the sample variance of the surface heights. The quantity was used directly

77 7 in Barrick’s dosed form solution of Equation 2.41 (13:721). Barrick refers to the

variance of the sample mean as the mean square roughness height and identifies it

with the symbol A2,

The final data, and probably the most difficult information to estimate, is the
‘ correlation length of the joint Gaussian distribution.

With the knowledge of the these four items, Barrick’s formulation can be used
to determine a value of NRCS for the terrain area covered by the statistical distri-
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bution. Once the NRCS was known, the RCS of that portion of the terrain visible
si_multa.neonsly to both antennas was easily calculated.

The terrain areas to be characterized were divided into rectangular areas with
homogeneous characteristics as shown in Figure 3.3. The total area was divided
along each axis into n blocks of width 6,. The result was n? blocks each with an
area of §? square meters. |

The terrain height at any point in the area depicted in Figure 3.3 was treated
as a random variable denoted by {(X,Y). The distribution of the surface heights
represented by ((X,Y) was assumed to be jointly Gaussian. This is a valid assump-
tion by the central limit theorem as long as the value of n is kept large to provide a
large number of sample points (n?). For the central limit theorem to be appropriate,
the sample mean and variance must not app@a& extreme values.

Each block in the characterization area was in turn treated as a random vari-
able, {(X = i6,,Y = jé,), which was also assumed to represent a joint Gaussian
distribution of heights. If the Gaussian assumption was not made, each of the blocks
in Figure 3.3 would have to be sampled at increments small enough to allow accurate
development of the governing probability distribution for each block.

This procedure would become almost impossible when working from a topo-
graphic map because of the various sizes of the homogeﬁeona areas to be character-
ized. The size of the homogeneous areas can vary from several square Kilometers
down to several hundred square meters. Unfortunately, the contour lines are only
placed at three meter height intervals and for small characterization areas the distri-
butions for the individual blocks would appear as uniform distributions at a single
height. Except for a limited number of cases, this would probably be a misleading
characterization of the height distributions.

One can extract useful information about the properties of the n? ((%,;) dis-
tributions based on the assumption that they are all Gaussian, the characteristics of
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Figure 3.3. Terrain Site Characterization Geometry.
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Figure 3.4. Determining the Sample Point Mean from Contour Lines.

the information provided by the contour lines of the topogfaphic map, and proper
selection of the spacing 6,.

8.8.1 Determining the Sample Point Mean Value. As previously mentioned,
the contour lines on the USGS topographic map are labeled at intervals of three me-
ters. The size of the areas represented by the n? ((i, ) distributiPns is determined
by the selection of the quantity §,. If &, is selected such that a majority of these
distribution areas coincide within the area delimited by two contour lines, a rea-
sonable estimate of the mean value of the individual distributions be extracted.
Figure 3.4 is provided to illustrate this point.

Figure 3.4 illustrates two distribution areas labeled (%, ;) and (i +1,5). The
distribution area identified as {(i,j) is bounded by two contour Lnes'labeled L, and
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L14+3m. From this one can infer that a majority of the surface heights in ¢(¢,7) must
lie between the two values represented by the contour lines. In this case, the mean
value of ((i, ) would be determined by:

Litazm—L .
pig ==y, e
- Even if great care is taken in selecting the proper value of 4, there will still
be distribution areas which engulf more than two contour lines. This is illustrated
by the distribution area labeled ((i + 1,5) in Figure 3.4. The concept described by

Equation 3.27 can easiiy be extended to include the multiple contour line case as:

Ly—-1,;
Bij = 2

+ Iy (3-28)

Where:
L, represénts the contour line of highest value.
L, represents the contour line of lowest value.

Applying Equation 3.28 to the distribution area in Figure 3.4 which is labeled
(G +1,5) would yield: |

L -L
pij = _.11&2__“_3 + L143m (3.29)
By carefully selecting the proper value for §, and using the i)rocedure outlined
by Equations 3.27 and 3.28 valid mean values for the n? blocks in each site can be
identified.

3.3.2 Determining the Sample Point Variance. The variance of the distribu-
tion areas illustrated in Figure 3.4 can also be determined with reasonable accuracy
from the data provided by the topographic map contour lines. Using the distribution

~ area represented by ((z,7) in Figure 3.4, one can again infer that a majority of the
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surface heights fall between the values identified by the contour lir. s labeled L, and
'L143m. For a Gaussian distribution, 95.4 percent of the distribution values fall within
plus or minus two standard deviations of the mean value. To derive the variance of a
particular area, it was assumed that the difference in contour line values represented

plus or minus two standard deviations.

40 = L1 et L1+3.,. (330)

Solving equation 3.30 for o and noting that the variance equals the standard
deviation squared yielded the following formula for distribution areas bounded by

two contour lines:

Easom = Ly)* (3.31)

T

Exténding Equation 3.31 to the cases where the distribution area was bounded
by more than one contour line can be illustrated by {( + 1,;) in Figure 3.4, For
distribution areas similar to {(i + 1, j), the plus or minus two standard deviations is
now represented by the difference in height of the highest value contour line and the
lowest value contour line.

o= Loz Ll ;GL')’ (3.32)

3.3.8 [Estimating the Sample Mean and Variance. The sample mean value
was estimated as the average value of the mean values of the sample point dis-

tributions. The estimate of the sample mean was determined using the following

equation:
1 nn
b= 2 ki (3.33)
=1 j=1
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In a similar maznor the estimate of the sample variance was taken as the average
value of the variances of the individual sample point distributions. The estimate of

the sample variance was determined using the following equation:

Fm > (s - (3.34)

=1 j=1

3.3.4 Estimating the Sample Correlation Length. The correlation length is
defined as the distance required to cause the correlation ﬁm_ction reach a value of
f. The correlation function for the joint Gaussian distribution as it applies to the
problem at hand is given by:

.2
P¢d) 4 (mom) = €XP (-‘I;) , (3.35)

In Equation 3.35 {(¢,),{(m,n) are any two of the n? joint Gaussian distri-
butions which are part of {(X,Y). The quantity / represents the correlation length
or distance between the two selected distributions. The quantity r represents the
distance between the two selected distributions and is given by:

= (Xi = Xn)? + (Y; - Yi)? (3-36)

The correlation function for any two distributions can also be expressed as:

E (G5 = #:5)(Cmk = pimi)] (3.37)

p Cc, (nh a‘.j amk

Where in Equation 3.37 the E[] represents the average or expected value of
the argument. Carrying out the multiplication of terms in Equation 3.37 and using
the fact that the expected value of a sum is equal to the sum of the expected values,
allows the correlation function to be expressed as:
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_ E[GjCmi] — bijtm

Pliilma = Tii0mi : (3.38)
For any given combination of sample distributions, all the quantities in Equa-

tion 3.38 can be determined with the exception of E[(;;{ms). Similarly for any com-

“bination of of surface distributions, the only unknown quantity in Equation 3.37 is

the correlation distance. By equating the two equations and determining an estimate

for E[(;;{mi] an average value for the correlation distance could be determined.

During the literature search, the researcher could find no accurate method
&sﬁbd to estimate E[(;j(mx]. It effectively represents Low much inter-dependence
there is between two suriace heights in this problem. It was decided to estimate
E[(ijCmk) by the variance estimator for the sample 2. Making this substitution into
Equation 3.38 and equating Equations 3.37 and 3.38 yields:

r? ;"' = fijBmk | '
p (-—I;) = -—0'.7;,:— (3.39)

Taking the logarithm of both sides of Equation 3.39 and solving for I produces

the following expression:

Tij%mk

B=

Equation 3.40 provides a value for the correlation distance for a single combi- -~

nation of surface height distributions. However, any individual distribution could be
correlated with any of the other distributions. Since there are n? distributions, there
are n* possible combinations of distributions. With this in mind, the estimator for

the average correlation distance is provided below.
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Where r? in Equation 3.41 is given by Equation 3.36. A FORTRAN program
titled SiteChar.for was developed to determine the estimators previously described
(ﬁ, ;3, and ) from the site data which was manually extracted from the topographic

map.

8.4 Determining the NRCS of the Site Characterization Block.

At this point in the process, the topographic map has been annotated at each
of the selected sites with the range cell lines and the antenna patterns for both the
transmitter and receiver. To apply the concepts outlined in the previous sections
the raw data must be extracted from the map at each site. A single homog_éneous
area at each site was selected for analysis. From each of these areas three range cells
were selécted.

The range cells selected for site one were cell numbers three, four, and five. At
site two, range cell numbers five, six, and seven were selected. Finally at site three,

range cell numbers 21, 22, and 23 were selected for the calculations that follow.

The areas to be characterized were too small to allow the data to be directly
extracted from the map. Therefore, the selected areas of the three map sites were
enlarged via photocopier to allow more accurate data extraction. The three i_ireas
received different degrees of enlargement due to the varying density of the contour
knes at each site. |

The characterization blocks used were divided into 400 equally cpaced areas.
The value of 400 was selected to insure enough sample points were used to insure
the assumption that the random variable, {(X,Y), was jointly Gaussian. The as-
sumption was based on the central limit theorem which requires a large number of
samples. A more realistic picture of the distribution would be possible with even
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more sample points however, all data points had to be extracted from the map by
ha.nd. The value of 400 sub areas was a compromise to minimize the manual labor
required to extract data at mch site and still maintain the validity of the Ga.ussu.n

assumption which was based on the central limit theorem.

Site one was divided into 400 square sub areas which measured 23.348 m
per side. The total area encompassed lby the site one characterization area was
218.052Kﬁ12. Each of the sub areas in site two were 31.667 m per side. The total
area involved for site two was 401.12Km?. Finally, the sub areas in site three were

37.703 m per side for a total area of 568.61Km?.

The input data to the FORTRAN program Sitechar.for took the form of two
real numbers per sub area. The first number represented the value of the highest
contour line bordering the area and the second number represented the lowest valne
contour line bordering the area. With these inputs, Sitechar.for calculated the mean
(i), the variance (o), acd the correlation length (I) estimates for the sample. Ta-
ble 3.1 displays the results of running the ptogra.xﬁ Sitechar.for on the three sets of
- input data. All of the collected and calculated data is provided in appendix A.

3.5 Calculating the Range Cell Power.

~ The dutter power from each range cell was calculated with Equation 2.25 for
each range cell at both polarizations. Before Equation 2.25 could be utilized the
NRCS for each site characterization area had to be determined. A second FOR-
TRAN program titled Sigma.for was written to determine the NRCS from the site
characterization data and knowledge of the locations of the site, transinitter, and
receiver. ‘

Once the NRCS for the characterization area was know, the clutter block areas
were determined and used along with the known antenna gains to determine the
clutter power from each block. Summing the dutter power from all blocks located
within a range cell yielded the total clutter power from the ra.ﬁge cell in question.
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Site 1 Site 2 .Site 3
5, 23.348m 31.667m 37.703m
i 81.859m 73.748m 44.084m
p 186.074m? 209.830m? 68.574m?
g 45.687m? §2.365m? 116.587m?

Table 3.1. Site Characterization Data.

\
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T 2.539277 3.262236 0.0

O 71.11379 © 326910 0.0
Table 3.2. NRCS Data from Sigma.for.
h The output from the program Sigma.for was two NRCS values for the charac-

terization area. The first for both transmitter and receiver using vertical polarization
and the second for both employing horizcntal polarization. The input files used and
the data files resulting from Sigma.for were included in Appendix A. Table 3.2 lists

. the rcsults of running the program.

The input data required for Sigma.for included:

1. The transmitter to clutter cell distance (Dy).
The receiver to dutter cell distance (D,).
The sample mean estimate ().

The sample variance estimate (o3).

The relative permittivity of the site characterization area (e, ).)

The transmitter site devation (k).

The receiver site eevation (A, ). 1

I I O O

The correlation length of the sample (1).

All three of the characterization sites were populated by trees and the average
value for the relative permittivity was taken to be 4.0 + j0.45 (8:8). The site areas
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were assumed to be composed of non-magnetic material and the a.veragé value for

the relative permeability was taken to be 1.0 + j0.0.

8.5.1 Clutter Powerfér Site One. The dutter power for three range cells was
determined for site one. The selected range cells were cells three, four, and five.

When using vertical polarization, three dutter blocks were illuminated by the
transmitter and receiver antenna patterns. One of the blocks was created by the
intersection of the two antenna main beams. The remaining two blocks were created
by the intersection of the transmit antenna side lobe and the receive antenna main

lobe. Inserting the known information for range cell three into Equation 2.25 yields:

| P, t '\2GRm oy GTm Acl GTaAd GTcAc.'!
= L .42
F="yp | Dapy t D% t DADG (3.2)

Where:

G1m = The transmit antenna main lobe gain (39537.4).
Gr, = The transmit antenna side lobe gain (34.43).
GRrm = The receive antenna main lobe gain (100.0).

Ac) = The area outlined by the intersection of both antenna main beams and

the equirange contour lines which define range cell 3 (200000m?).

Acz = The first area outlined by the transmit antenna side lobe, the receive an- .

tenna main lobe, and the equirange contour lines which define range cell 3 (65390m?).

Aca = The second area outlined by the transmit antenna side lobe, the receive

antenna main lobe and equirange contour lines which define range cell 3 (287500m3).

Dy; Was the distance from the center of the first dutter block (Ac;) to the
transmitter (13450 m).

Dy; Was the distance from the center of the second clutter block (Acz) to the
transmitter (12650 m).
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D3 Was the distance from the center of the third clutter block (Acs) to the
transmitter (14425 m). '

D,, Was the distance from the center of the first clutter block (Ac:) to the
receiver (6550 m). |

D, Was the distance from the center of the second dutter block (Acz) to the
receiver (7350 m). '

D,3 Was thé distance from the center of the third dutter block (Acs) to the
receiver (5575 m).

o° = The NRCS for the site one characterization area (71.11379).

Substituting these values iﬁto Equation 3.42 and performing the indicated op-
erations yielded a received dutter power of 30.209 mW for range cell three using
vertical polarization.

For the case of both receiver and receiver using horizontal polarization, range
cell three contains only two dutter blocks. The first was defined by the intersection
of the antenna main beams and had an area of 109375m?. The second dutter block
was defined by the intersection of the transmit antenna side lobe and the receive
antenna main lobe and had an area of 220000m?. Using these value in Equation 3.42
along with oxs = 2.621544 yielded a clutter power of 5.900 mW.

All of the range cells for all three sites could be calculated with Equation 3.42.
In some instances, one of the dutter blocks defined by the intersection of the transmit
antenna side lobe and the receive antenna main lobe did not fall within a particular
range cell. The tables which follow summarize the pertinent range, area measure-
ments, distances, and resulting clutter powers.

Table 3.3 provides a tabular listing of the dutter block areas, transmitter
to target and receiver to target distances for both systems operating with vertical
polarization. In all the range and data tables, the symbols should be interpreted as
defined in Equation 3.42.
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Site 1 Vert. Pol. Range Cell 3 Dange Cell 4 Range Cell 5
Acy 200, 000m? 256,875m’ 68, 750m?
Da  13,450m 14,500m 15,225m
Dn 6,550m 5,750m 5,275m
Aca 65, 390m? 236, 250m? 150, 938m?
De 12, 650m 13, 450m 14,625m
My 7,350m 6,800m -~ 5,875m
 Acs 287, 500m? 134, 400m? 0.0m?
D 14,425m 15,450m N/A
Dys 5,575m © 4,800m — | N/A

Table 3.3. Site One Area and Range Data for Vertical Polarization.
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Site 1 Vert. Pol. Range Cell 3 Range Cell 4 Range Cell 5
Ay - 29.210mW 48.409mW 12.082mW
Acz 7;466yw 27.878uW 20181 W
Acs 43.8804W 24.1224W 0.0mW
Total 29.261mW 48.461mW 12.102mW

" Table 3.4. Site One Clutter Block Power, Vertical Polarization.

Table 3.4 provides the calculated dutter block powers for site one with both

transmitter and receiver operating with vertical polarization.

Table 3.5 provides a tabular listing of the clutter block areas, transmitter
to target and receiver to target distances for both systems operating with vertical
polarization. In all the range and data tables, the symbols should be interpreted as -
defined in Equation 3.42.

Table 3.6 provides the calculated clutter block powers for site one with both

transmitter and receiver operating with horizontal polarization.

The validity of these range cell dutter powers is unknown because the sponsor

was unable to supply actual system measurements of site one.
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Site 1 Horz. Pol. Range Cell 3 Range Cell 4 Range Cell 5

Act 109, 375m? 296, 875m? 24, 062m?
D 13,450m 14,500m 15,225m
Dy 6,550m 5,750m 5,275m
Aca 0.0m? 196, 875m? 103, 125m?
P N/A 13,450m 14,625m
D, N/A 6,800m 5,875m
Acs 220, 000m? 100, 000m? 0.0m?
D 14,425m 15,450m N/A
Dys 5,575m 4,800m N/A

Table 3.5. Site One Area and Range Data for Horizontal Polarization.




" Site 1 Horz. Ppl. Range Cell 3 Range Cell 4 Range Cell 5
Acy 570.387uW 1.729mW 150.994xW
Acy 0.0mW 820.53TnW 492.330nW
Acs 11994 W 640.867n W 0.0mW
Total 571.586uW 1.730mW 151.586uW

Table 3.6. Site One Clutter Block Power, Horizontal Polarization.




3.5.2 Clutter Power for Site Two. Table 3.7 provides a tabular Listing of the
clutter block areas, transmitter to target and receiver to target distances for both
systems operating with vertical polarization. In all the range and data tables, the
symbols should be interpretéd as defined in Equation 3.42. |

Table 3.8 provides the calculated clutter block powers for site two with both

transmitter and receiver operating with vertical polarization.

Table 3.9 provides a tabular listing of the clutter block areas, tra.ﬁsmitter
to target and receiver to target distances for both systems operating with vertical
polarization. In all the range and data tables, the symbols should be interpreted as
defined in Equation 3.42. '

Table 3.10 provides the calculated clutter block powers for site two with both

transmitter and receiver operating with horizontal polarization.

The wvalidity of these range cell dutter powers is uaknown because the sponsor

was unable to supply actual system measurements of site two.

3.5.8 Clutter Power for Site Three. Table 3.11 provides a tabular listing of
the clutter block areas, transmitter to target and receiver to target distances for
both systems operating with vertical polarization. In all the range and data tables,
the symbols should be interpreted as defined in Equation 3.42.

Table 3.12 provides a tabular listing of the clutter block areas, transmitter
to target and receiver to target distances for both systems operating with vertical
polarization. In all the range and data tables, the symbols should be interpreted as
defined in Equation 3.42. |

Tables 3.11 and 3.12 were iccluded for completeness. The power level calcula-
tions for site three could not be performed because the expression for the NRCS at
sight three could not be determined.
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Site 2 Vert. Pol. Mge Cell 5 | Range Cell 6 Range Cell 7
A 210, 000m? 245, 000m? 186, 046m?
Da 9,875m 10,925m 11,875m
"Dy 10,625m 9,825m 8,875m
Acy © 121,875m? 132, 187.5m? 131, 250m?
Dy 9,425m 10,225m 11,175m
Dy 11,075m 16, 525m 9,825m
Acs 132,812.5m* 134,922m? 65, 609m?
Des 10,675m 11,725m 12,600m

) ] Dy  9,82%m | 9,025m 8400m
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. gite 2 Vert. Pol. Range Cell 5 Range Cell 6 Range Cell 7
Ay 99.400mW 110.804mW ! 87.280mW
Aca  50.756 W | 51.790pW 49.404 W
Acs 54.785uW 54.675uW : 26.576uW
Total © 99.505mW 110.911mW§ 87.356mW

{

Table 3.8. Site Two Clutter Block Power, vextieall Polarization.
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site 2 Horz. Pol. Range Cell 5 Range Cell 6 Range Cell 7
Act 159, 687.5m? 245,006m2 168, 750m?
Dy 9,875m 10,925m 11,875m
D, 10,625m 9,825m 8,875m
Aoz 46, 094m? 132, 187.5m? 131, 250m?
Da 9,425m 10,225m 11,175m
Diz 11,075m 10,525m 9,825m
Acs 132, 812.5m? 134, 922m? 37, 560m?
D 10,675m 11,725m 12, 600m
Dis 9,825m 9,025m 8,400m

Table 3.9. Site Two Area and Range Data for Horizontal Polarization.




Range Cell 6

site 2 Horz. Pol. Range Cell 5 Range Cell 7
Ac 754.263uW 1106mW 799.994u W
Aca 191.560nW 516.812nW 493.006n W
Acs 546.702nW 545.601aW 151.581n W
Total 755.001, W L107TmW 800.639:W

Table 3.10. Site Two Clutter Block Power, Horizontal Polarization.




Site 3 Vert. Pol. Range Cell 21 Range Cell 22 Range Celi 23

- Aar 97, 500m? 97, 500m? 97, 500m?
Dy 15,325m 15,6257 15, éSOm
D, 9,925m 9,850m | g,800m
Aca 35,000m? 64,471.4m? 65,000m£
Dey 14,825m 15,150m 15,450m
Dya 10,425m 10, 350m © 10,300m
Acs 69,062.5m’ 69, 062.5m? 69, 062.5m?
De 15,850m 16,150m 16,475m
D,s 9,400m 9,350m - 9,275m

Table 3.11. Site Three Area and Range Data for Vertical Polarization.
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Site 3 Horz. Pol. Range Cell 21 Range Cell 22 Range Cell 23
Acr 97, 500m? 97,500m? 97, 500m?
Dy 15,325m 15, 625m 15,950m
Dn 9,925m 9,850m 9,800m
Aca 937.5m? 52,500m? 65,000m?
Dy 14,825m - 15,150m 15,450m
Dy 10,425m 10, 350m 10, 300m
Acs 69, 062.5m? 69, 062.5m? 69, 062.5m?
De 15,850m 16,150m 16,475m
Dys 9,400m 9,350m 9,275m

Table 3.12. Site Three Area and Range Data for Horizoatal Polarization.
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IV. Conclusions and Recommendations

. 4.1 Conclussions

I was impossible to establish how accurate the process proposed by this re-
search was due to the lack of actual data as a source of oomparisén. However, the
power levels calculated for the selected range cells at sites one and two were not en-
tirely unreasonable for the t-.»-utter power and distances involfred. This in itself
was a degree of success.

TkLe resea.rcf: did provide some insight into the complexity of realistically im-
plementing the pii'ocess and indicated areas requiring further research. The most
obvious of these ajteas was discovered with the site three data. Barrick’s very rough
surface formulatic‘)n fails for the special case when dealing with the combination of
low grazing anglea;; and a bistatic angle which approaches 90°.

Recall from Chapter 2 the NRCS was determined from the expression:

Yoa =| Bpq |2 J ' (4.1)

Where in Equation 4.1, Bpe represents a modified scattering matrix element

and the J term the field component. For the Joint Gaussian distribution, J was

given by:
4 1 (4§
1= g -5 (55%)] “2)

Where the quantities in Equation 4.2 52, {;, £,, and {, have been defined as:

£ =sin §; —5in 0, cos ¢, 4.3)
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¢, = sin 0;sin ¢, (44)

£ = —cos0; — co8 ¢, 4.5)

At low grazing angles, ( 6, < 5° where 6, has been defined as T — 6, ), the
exponential argument blossoms rapidly. This is due to the £2 in the denominator
of the exponent’s argument. For small values of §; §, approaches 5 and hence the
cosine of 6, 1 . oaches zero. Similarly, as the bistatic angle approaches 7 so does
6,. Wkex the e two situations occur simultaneously, ¢ rapidly approaches zero and

renders the calculation of questionable value.

A second complication with the process was the actual data extraction from
the topographic map. The pfocess was extremely time consuming when performed
manually. For the three sites in the project, it took approximately twelve hours to
extract the data and enter it into a data base. For the process to realistically be
used, the entire target area would have to be characterized which in turn implies
extracting data from the map for the entire radar coverage area.

The process was unable to include the effects of small scale roughness on the
received clutter power due to the lack of detailed information on the terrain popula-
tion. It is unknown what the magnitude of this contribution could amount to. If it
is not a significant contributor to the over all range cell dutter power, the costs of

collecting adequate data to establish its level may far exceed the return.

Finally, at low grazing angles, a shadowing function is almost imperative. The
problem again is that the shadowing function is of little use without knowledge of
all the terrain between the transmitter, receiver, and target.
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4.2 Recommendations

.The first priority would be to establish the relative validity of the clutter powers
by direct comparison with measured values. This would be a much more efficient

process if the hardware were located AFIT where the researched has access to it.

Manually extracting topographic data has a prohibitive man hour cost. The

. collection of ﬁeight data for the very rough surface scattering must be automated.

One possibie approach to this end would be the use of DTED data. However, the
digitized data comes in a half inch tape format and requires a relatively long lead
time to acquire.

If digital site data were aya.ilable, the homogeneous terrain areas could be used
to establish their probability distribution on an area by area basis. This would

‘also require new solutions to the radiation integral in Chapter 2 which establishes a

value for J. The automated data could also be useful for establishing the validity
of the Gaussian height distribution assumption which was based solely on the loose

interpretation of the central limit theorem.
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Appendix A. Software

The following FORTRAN program titled Sitechar.for, was used to calculate

the sample mean, variance, and correlation length estimutors.

The input data files consisted of n? sets of numbers which represented the
highest contour line value and the lowest contour line value which delimited each
sub area in the sample. The three input data files ( Sitel.dat, Site2.dat; and Site3.dat
) are included in Appendix B. The results of the computations are included in three
data files ( Sitelprb.dat, Sitc2prb.dat, and Site3prb.dat ; which are also .qrovided in

Appendix B.

CCCCCCCCCLCCCCCCCCCCCCCCTCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCee

Cc

c SITECHAR.FOR

CCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCectececcecccee

IMPLICIT NONE

C

C variable ¢eclarations

C
integer i
integer j
integer n
integer m
real+8 logarg
real*8 high

! loop index
! Joop index
! loop index
! Joop index

! upper contour line




Q

Q

Q

reals8 |
real+8

real»8

realx8

reals8

realx8

reals8

reals8

reals8

reals8
character*13
character»15

initialize variables

nsamp=20.0

delr=10.0
hsqrd=0.0 .
mu=0.0
lsqrd=0.0

! lower contour line

| aumber of samples per axis
| mean estimator

| distance between dist

! variance estimator

! correlation length est

| sample separation distanc

2cta(500,500) ! mu Z(i,j)
sigma(500,500)! standard deviation Z(i,j)

treg
infilnam
outfilnam

get input data file name

write(+,440)’ Enter input data file
read(+,450) infilnam

get output file name -

! temp storage reg
! file with height samps
! file with results

! set to number of samples
! sample sep distance




Q

Q

Q

- write(*,440)" Enter output data file name:’
| “read(*,450) outfilnam

get number divisions per axis

write(*,440)’ Enter number of divisions per axis:’

zead(*,480)nsamp
get sample width

write(*,440)’ Enter sample width
read(*,400) delr

open input data file
open(unit=38,file=infilnam,status="OLD’)

open output file
open(unit=39,file=outfiinam,status="NEW’)

read in the contour line values and echo to screen

do 100 i=1,nsamp,1 ! set up the row counter
do 110 j=1,nsamp,l ! set up the wol counter
read(38,err=1000,fmt=480) high ! highest contour linc

read(38,err=1000,fmt=480) low ! lowest contour line
zeta(i,j)=((high-low)/2.0)+low ! find mu(i,j) and save
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Q

sigma(i,j)=(high-low)/4.0

 write(+,400) zetafij)

write(+,400) sigma(i,j)
110 continue

100 continue
calculate the mean estimate

mu=0.0

do 120 i=1,nsamp,1

do 130 j=1,nsamp,l
mu=mu-+zeta(i,j)

130 continue

120 continue
mu=mu/(nsamp+*2)
write(39,410) 'mu = "mu

write(*,410) 'mu = ’;mu

‘! find sigma(i,j) and save

calculate the height variance estimate

hsqrd=0.0
do 140 i=1,nsamp,l
do 150 j=1,nsamp,l1

hsqrd=hsqrd+(zeta(i,j)-mu)*+2

150 continue
140 continue
hsqrd=hsqrd/(nsamp#*2)

write(39,420) 'hsqrd = ’hsqrd




Q

Q

write(*,420). ’hsqrd = ’,hsqrd

calculate the correlation length estimate

lsqrd=0.0

do 160 i=1,nsamp,1

do 170 j=1,nsamp,1

treg=0.0

do 180 m=1,nsamp,1

do 190 n=1,nsamp,l
r8qrd=((i-m)*delr)**2+((j-n)*delr)*+2
logarg=(hsqrd-zeta(i,j)*zeta(m,n))
logarg=ABS(logarg/(sigma(i,j)*sigma(m,n))) .

treg=rsord/LOG(logarg)

190 continue

180 continue
lsqrd=I1sqrd+treg/(nsamp+*2)
170 continue |
160 continue
Isqrd=lsqrd/(nsamp**2)
write(39,420) 1sqrd = ’lsqrd

Save the sample means

do 200 i=1,nsamp,1
do 210 j=1,nsamp,l
write(39,490) ‘mu(’,’,’j,’) = ’zeta(i,j)

210 oontinue
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Q

Q

Q

200 continue
Save the sample standard deviations

do 220 i=1,nsamp,1

do 230 j=1,nsamp,l

write(39,500) 'sigma(’i,",",)) = sigma(iJ)
230 continue '

220 continue

goto 999
List of format stateméxits

400 format(F8.3)

410 format(A6,F8.3)
420 format(A10,F8.3)
430 format(A25)

440 format(A35)

450 format(A15)

460 format(I4)

470 ormat(A10,F153)

480 format(F3.0)
490 format(A3,12,A1,12,A4,F8.3)
500 format(A6,12,A1,12,A4,F8.3)

detected error actions

1000 write(+,430)’!!!t DATA READ ERROR !V’
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goto 999
1010 write(+,430)’!!! DATA WRITE ERROR I’

¢

- C close the data files and exit the program

C
999 dose(unit=38)
close(unit=39)
write(x,410) 'mu = ’mu
write(*,420) 'hsqrd = ’hsqrd

/'. write(*,420) Isqrd = ’lsqrd
! stop

end

The program implements Barrick’s rough surface scattering formulas from the
stistics of the characterization area generated with Sitechar.for and the transmitter,

receiver, and target area geometry.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SIGMA.FOR

Q0O aQaaa0

Cccccceeceeceeecececeececececeecceeececeeeceecceecccececeeceeccccececceccececce
IMPLICIT NONE

C variable declarations

A-7




integer
integer
integér
complex
real8
real+8
real«8
reals3
r.al#8
real*8
realx8
real*8
real+8
real+8
real*8
real*8
reaix8
real«8
real*8

-~ real+8

real+3
realx8
real+8
complex
complex
complex

complex

ad
Isqrd
aagl
treg
thetai
thetas
phis
Dt

Dr
Db

ht

hr

he

- sigmavv

si~mahh
mut
epsilonr
Rper
Rpar

.
.

.

o —— -

loop index
loop index

loop index

correlation length

temp storage reg
incident wave ang
scattered wave an
scattered wave ph
linear dist trans-cl
hnear dist rcvr-cl
Lnear dist trans-r
transmitter height
receiver height

dutter mean plan

relative pesmeabil

relative permittivi




real«8
real«8
reals8
reals8
real+8
real«8
real+8
real+8
reals8
reel+8
real+8
real«8
complex
real+8
real8
real8

- real*8
real*8
real«8
real+8
character+15
character*15

initialize variables
ht=97.572

hr=144.0
Db=19248.0

betavv
betahh
ssqrd
zetax

zetay

outfilnam

! COS(thetai)
! SIN(thetai)
! COS(thetas)
! SIN(thetas)
! COS(phis)

! SIN(phis)

! SIN(angi)
I COS(angi)

! number of dutter

! width of dut cell
! variance of clutter
! file with height sa
! file with results

! set transmitter he
! set receiver height

! set trans-revr dist




Q

Q

Q

Q

Q QO

pi=3.141592653589793
get input data file name

write(*,440)’ Enter input data file name *’
read(#,450) infilnam

get output file name

‘write(#,440)’ Enter output data file name:’

read(#*,450) outfilnam
open input data file

open(unit=38 file=infilnam status="OLD’)

. open output file

open(unit=39 file=outfilnam,status="NEW’)
read in transmitter devation and echo to screen
read(38,err=1000,fmt=400) Dt
write(39,480)'Dt = ’,Dt

write(*,480)’'Dt = ’,Dt

read in receiver élevation and echo to screen

A-10




read(38,err=1000,fmt=400) Dr
write(39,480)'Dr = ’Dr
vrite(*,480)'Dr = ’,Dr

C
C read in mean clutter height aud echo to screen
C
read(38,exr=1000,fm¢=400) hc
write(39,480)’hc = "he
write(,480)’hc = "hc
C
C read in relative permeability and echo to screen
C ,
zead(38,err=1000,fmt=490) mur
write(39,500)’mu = ’,mur
write(»,500)’'mu = ' mur
C
C read in relative permittivity and echo to screen
C
read(38,err=1000,fmt=490) epsilonr
write(39,500)’eps = ’,epsilonr
write(+,500)’eps = ’,epsilonr
c o
C read in area of characterization site and echo to screen
C

read(38,err=1000,fmt=4LC) nsamp
t.site(39,480)’DIV = ‘nsamp
write(*,480)’'CIV = ’nsamp
read(38,err=1000,fm:=400) deltar
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aQ

Q

write(39,480)'DEL =’ deltar
write(+,480)’DEL = ’,deltar

read in clutter variance and echo to screen

read(38,err=1000,fmt=400) hsqrd
write(39,480)’hsqrd = ’,hsqrd
write(*,480)’hsqrd = "hsqrd

read in correlation distance and echo to screen

read(38,err=1000,fmt=400) lsqrd
write(39,470)"1sqrd = ’lsqrd
write(*,470)Isqrd =’Jlsqrd

alculate the scattering angi'es

thetai=(pi/2.0)-DATAN((ht-hc)/Dt)
thetas=(pi/2.0)-DATAN((hr-ke)/Dr)
beta=DACOS((Dt+*2+Dr*»2-Dbx#2)/(2.0«Dt+Dr))
phis=pi-beta

write(39,470) 'thL tai = ’thetai
write(39,470) ’thetas = ’thetas
write(39,470) beta = "beta
write(39,470) 'phis = ’,phis
write(»,470) 'thetai = ’thetai
write(#,470) ‘thetas = ’thetas
write(,470) beta = ’beta
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Q

write(*,470) 'phis = ’,phis

determine the angle i

treg=1.0-DSIN(thetai)+ DSIN(hetas)*DCOS(phis)
treg=:(treg+DCOS(thetai)*DCOS(thetas))/2.0

angi=DACOS(DSQRT (treg))
write(+,470) 'angle i = ’,angi
write(39,470) 'angle i = ’,angi

determine the a coeflicients

i==DCOS(thetai)
sti=DSIN(thetai)
ct8:=DCOS(thetas)
sts=DSIN(thetas)
cps=DCOS(phis)
sps=DSIN(phis)
al=1.0+stixstsxcps-ctixcts
a2=ctissts+stixctsxcps
ad=stixcts+ctisstsxcps

=ctit+cts

determine the reflection coefficients
d=DCOS(angi)

si=DSIN(angi)
ctemp=(1.0,0.0)+si
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Q

- r0oti=CSQRT (mur+epsilons-(ctemp»»2))

rper=(mur#ci-rooti)/(mur+ci+rooti)

rpar=(epsilonr«di-rooti)/(epsilonr«ci+rooti)
determine zeta x,y, and

retax=sti-sts*cps

zetay=sts+sps

setaz=0.0-cti-cps

determine s+*2

ssqrd=4.0+hsqrd/lsqrd

 write(39,470)’ssqrd = ’,ssqrd

write(»,470)’ssqrd = ’,ssqrd

determine J
j=(DEXP(0.0-(zetax**2+zetay+»2)/(ssqrdszetaz++2)))
j=j*4.0/(ssqrd+zetaz**2)

write(39,480) = ’j

write(+ 480’} =

determine the scattering ma'rix components
ctemp={(a2+a3+rpar-+stirstsx(spsex2)srper)/(alead)

betavv=CABS(ctemp)
ctemp=/(0.0-sti*sts+(sps+«2)srpar-a2+a3+rper)/(al+ad)
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Q

betahh=CABS(ctemp)
write(39,470)'betavv = ’betavvy
write(*,470)'betavv =’ betavv
vrite(39,470)'betahh = ’betahh
write(+,470)’betahh = ’betahh

determine the NRCS

sigmavv=(betavv*+2)+j
sigmahh=(betahh++2)xj
writé(39,470)’sigmavv = ’sigmavv
write(»,470)'sigmavv = ’sigmavv
write(39,470)’sigmahh = ’sigmahh
vrrite(,470)’sigmahh = ’sigmahh

list of format statements

400 format(F10.3)

410 format(A6,F10.3)
420 format(A10,F10.3)
430 format(A25)

440 format(A30)

450 format(A15)

460 format(I3)

470 format(’ ’,A10,E13.7)
480 format(’ ’,A9,E13.7)
490 format(F10.5,F10.5)
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500 format(A9,F12.7,F12.7)

detected error actions

1000 write(+,436)'!"! DATA READ ERROR !IP
1010 write(+,430)’!!! DATA WRITE ERROR 1P’

dose the data files and exit the pmgram

999 dose(unit=38)

doce(nnit=39)
stop ‘
end
A-16
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CCCCCCCCCLLCCLCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCeeceeeeecerceet 'COCW
y=4

x=1
x=2
x=3
x=4
x=35
x=06
x=T7
x=8
x=9
x=10
x=11
x=12
x=13
x=14
x=15
x=18
x=17
x=18
x=19
x=20

y=1
60 57
60 57
63 60
66 60
66 60
66 63
66 63
69 60
72 66
75 69
75 69
™2
™72
™72
872
8 72
8175
8175
81 75
872

y=2

- 60 57

60 57
63 60
€6 60

66 63-

66 63
69 63
72 66
75 69
. 2
817

817

8175
817
847
84 78
84 81
47
8478
817

y=3

60 57
63 57
69 60
66 63
69 63
69 63
69 66
72 66
78 69
817
84 78
84 78
84 78
84 81
87 81
90 81
90 84
87 81
84 81
8178
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63 57
63 57
69 60
66 63
69 63
6S 66
72 66
7569
872
847

8481 -

8781
90 81
90 81
93 84
93 87
93 87
90 84
a7 81
8175

The data which follows is the site one contour line information used to estimate
the site characterization area statistics. ‘ :

y=5
63 57
63 57

'69'60

7263
69 66
72 66
75 69
75 69
81 72
84 78
87 81
90 84

96 87
96 90
96 90
96 90
93 87
87 81
8175
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x=1
x=2
x=3
x=4

x=5

x=10
x=11
x=12
x=13
x=14
x=13
x=16
x=17

x=18

x=19

x=20

y=6
63 C0
63 60
69 €0
72 63
72 66
72 69
75 69
75 69
8175
84 78
50 81
93 84
99 90
102 90
105 96
102 96
102 93
96 87
87 81
8175

y=T7

63 60
66 69
72 63
69 G6
72 €8
75 69
75 69

.78 72

817

87 78

93 &4

99 €0
105 93
105 99
108 102
105 99
102 93

- 96 87

87 78
81 72

y=38

66 €0
66 63
72 63
69 v
72 66
75 69
78 69
78 72
84 75
90 81
96 87
102 90
108 99
111 102
111 105
111 102
102 90
93 84
84 78
78 72
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y=9

66 63
69 63
72 66
72 G5
75 66
75 72
78 72
78 75
87178
93 84
102 0
108 99
111 105
114 108
111 105
105 99

90 81
84 75
78 75

y=10
66 63
69 66
72 66
72 69
75 69
78 72
8175
81 75
00 73
102 87
105 93
111 102
114 108
114 111
111 105
105 99
99 87
¢0 78

8175

8175




€Cceeececceecceececeeceeccecceececececececeecceececceceececceceeeeceeccececcecececceecececeeccecce

x=1
x=2
x=3
- x=4
x=5
x=0
x=7
x=8
x=9
x=10
x=11

x=12

x=13

x=14
x=15
x=16
x=17
x=18
x=19

x=20

=11
66 63
69 63
72 66
7 69
72
81 72

B

un
%6 84
105 90
108 102
114 105
114 111
114 111
111 102
105 96
9 84
87 81
84 81
84 78

y=12
66 63

69 63
69 66
75 69
8 T2
8175
87 78
90 78
102 90
105 99
111 105
114 108
114 111
114 108
111 105
105 93
96 84

- 87 81

84 81
8178

y=13
66 63
69 63
72 66
78 69
78 72
8175
8781
93 81
102 90
108 99
111 105
114 108

114 108

114 111

111 102

102 90
9384
8781
84 81
84 75
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111 105

y=14

66 63
72 63
72 69
872
87
84 75
90 81
96 84
102 93
108 99
111 105
111 108

114 108
108 96
9 87
%0 84

B

8478
8175

y=15
66 63
26
72 69
872
BB
U7n
90 84
96 87
102 96
108 102
108 105
111 105

108 102

114 108
102 87
03 84

87 81
M8l
84 78
8175




x=1

x=2

x=4
x=5
x=6
x=T7
x=8
x=9
x=10
x=11
x=12
x=13
x=14
x=15
x=16
x=17
x=18
x=19
x=20

x=3

66 63
69 63

72 66

78 69
T 75
U
87 81
% 87
102 96 -
10599
105 102
105 99
105 99
108 102
% 84
% 81

8 81

84 T8
81 75
8175

8172

8478

8781

99 87
99 96
102 96
102 99
102 96
99 93
102 90
90 81

- 8481

84 81

U

(- Ry
B

69 63
75 66
81 69
84 78
90 81

96 87

99 90
99 93
99 93
99 90
96 87

93 81

87 81
84 78
84 78
817
872
75 69

B4

8178
8175
872
72
%69

8172
8478
87 81
90 84
90 81
87 81
87 81
87 81
84 78
81 72
817
B2
™ T2
75 69

7566




The data whick follows is the site two contour line informatioa used to estimate

the sive characterization area statistics.
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y=1 y=2 y=3 y=4 y=9
x=1 87 69 90 78 93 81 93 84 03 84
x=2 93 78 96 87 96 90 96 90 96 90
x=3 93 78 99 93 102 93 102 96 99 93
x=4 99 87 102 96 102 99 102 $6 99 96
x=5 105 96 105 99 105 99 102 99 99 96
x=6 105 99 105 102 105 99 102 99 99 96
x=T7 108 102 103 102 105 102 105 99 102 96
x=38 108 102 108 102 105 102 105 99 102 96
x=9 108 99 108 102 105 99 102 96 102 93
x=10 10Z 90 102 96 102 6 102 93 99 90
x=11 96 87 99 93 99 93 99 90 o6 87
x=12 93 81 96 90 96 90 96 87 50 81
x=13 50 81 93 87 93 84 90 81 87 78
x=14 90 78 90 78 90 75 84 72 81 72
x=15 78 72 78 72 78 59 75 69 75 69
x=16 2 63 72 63 72 66 72 66 72 63
x=17 69 C0 66 €O - 66 60 G6 60 66 60
x=13% 63 60 63 €0 63 57 63 57 63 57
x=19 €0 54 60 54 60 57 63 G0 60 57
x=20 €0 57 60 57 63 57 63 60 63 €0
B-5




c€ceeeccecececeecceececeeccecececeeeccececcceceececceecceeeecceccececceccescrccecececcece

y=6 y=T7 y=8 y=9 y=10
=1 90 81 87 78 8475 84T 81 72
x=2 93 87 93 84 90 81 8778 84 78
x=3 969 9 90 93 87 90 84 %0 81
x=4 99 93 96 93 9 90 93 87 90 87
x=5 9993 9693 %69 9390 90 87
x=6 993 . 9383 96 93 93 90 93 87
x=T 99 96 99 93 9 93 93 90 93 87
x=8 9 96 99 93 96 90 93 87 90 84
x=9 99 ~ 969 9387 908 &8l
x=10 %8 = 934 90 81 87 81 8478
z=11 % 81 87 81 84 78 84 75 81 75
x=12 87 81 8 78 8175 81 75 78 72
x=13 84 75 8172 78 69 78 69 75 69
x=14 869 7569 266 6960 69 6
x=15 72 66 72 66 69 63 66 63 66 60
x=16 69 63 69 63 66 60 66 60 63 60
x=17 6660 6660 6360 635 6357
x=18 6357 . 6357 63 57 60 57 60 57
x=19 60 57 60 57 60 57 60 57 60 57

x=20 63 60 63 60 60 57 6057 6057
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y=11 y=12 y=13 - y=14 y=15
x=1 78 69 75 69 7569 7569 266
x=2 81 75 8175 81 75 872 7569
x=3 878l 84 78 8178 71872 75 69
x=4 9 84 84 78 84 78 78 75 75 69
x=5 90 84 87 81 84 76 78 75 75 69
x=6 - 90 84 87 81 84 78 78 72 75 66
x=T 08 MU 84 75 78 69 72 66
x=8 84 78 8178 - 1872 75 66 69 63
x=9 84 78 8175 78 69 75 66 69 63
x=10 8175 78 T2 75 69 72 66 69 66
x=11 78 75 78 72 75 69 75 66 72 69
x=12 78 69 75 69 T2 66 69 66 69 66
x=13 75 66 72 66 69 63 69 63 69 63
x=14 69 63 69 63 66 60 66 60 66 60
x=15 66 60 66 60 63 60 163 60 /63 60
x=16 63 57 63 57 63 57 63 57 63 57
x:17 60 57 60 57 60 57 60 57 60 57
x=18 60 57 60 57 60 54 60 54 60 54
x=19 60 54 57 54 57 54 60 54 6C 57
x=20 60 54 60 54 60 54 60 57 60 57
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ccceeeee SCCCCWCCCCCCCCCCCCCCWCCCCCCCCCCCCCCCCCCCCOCCCCCCCCCCCCCCOCCCCCOCCCCC

. y=16 =17 y=18 y=19 y=20
=1 6963 66 63 63 60 63 57 60 57
x=2 69 63 66 63 63 60 60 57 60 57
x=3 6966 66 63 6360 6057 57 54
x=4 69 66 66 63 6360 6357 - 60 54
x=5 6966 6660 6360 6360 60 57
x=6 69 63 6660 6360 63 60 60 57
x=7 60 63 63 60 63 60 63 60 60 57
x=8 66 60 63 60 63 60 6357 - 6057
x=9 6660 6960 6660 66 60 63 57
x=10 69 66 69 66 69 63 6660 6360
x=11 72 69 72 66 69 63 66 60 63 60
x=12 72 66 72 66 69 63 66 60 63 60
x=13 69 63 69 63 66 60 63 60 63 60
x=14 66 60 66 60 63 60 63 57 63 57
x=15 63 60 6360 6357 6357 6054
x=16 60 57 63 57 63 57 60 57 60 54
x=17 60 57 605 6057 60 57 60 54
x=18 60 57 60 57 60 57 60 57 60 54
x=19 60 57 60 57 60 57 60 57 57 54
x=20 6054 60 54 60 54 60 51 57 51
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The data.'which follows is the site three contour hine information used to esti-

mate the site characterization area statistics.
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x=1

x=2 -

x=3
x=4
x=5
x=06
x=T7
x=8
x=9
x=10
x=11
x=12
x=13
x=14
x=15
x=16
x=17
x=18
x=19

x=20

y=1"
39 36
39 36

3936
3936

39 36

3936
4236

45 39
45 39
48 42
51 45
51 48
54 48

54 48
5145

51 45
48 42
48 42
45 39
42 39

y=2
39 36
39 36
39 36
39 36

39 36
3936

4236
45 39
4841
51 45
54 45
54 48
57 48
57 51
54 48
51 45
48 45
48 45
4539
4239

y=3
39 36
39 36

3936

39 36
39 36
39 36
42 36
45 39
51 42
57 48

5751

60 51
60 54
60 54
60 51
54 48
51 45
48 45
45 42
42 39
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y=4
39 36
39 36
39 36
39 36
39 36
39 36
42 39
45 39
54 45
57 51
60 54
66 57
66 57
66 57
60 54

5748
5145

48 42
45 39
42 39

y=5
39 36
39 36
39 36
39.36
39 36
39 36
42 39
45 39
45
60 51

- 6357

66 60
69 63
69 60
63 57
60 51
M4
48 42
4539
42 39
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x=1
x=2
x=3
x=4
x=5
x=06
x=T7
x=8
x=9
x=10
x=11
x=12
x=13
x=14
x=13
x=16

x=17

Tx=18 -

x=19

x=20

y=6
42 36
39 36
39 36
39 36
29 36
39 36

423

45 39
M 46
60 51
63 57
66 63
69 63
69 63
66 60
63 4
48
51 45
48 39
42 39

y=7
42 36
39 36
39 36
39 36
39 36
39 36

42 39

45 39
54 45

57 51

66 57
66 63
69 63
69 63
66 60
66 54
60 48

5146

48 42
45 39

y=8
39 36
39 36
39 36
39 36
39 36
39 36
42 36
4539
51 42
57 48
63 57
69 63
72 66
72 63
66 63
66 57
63 48

- 5145

48 42
45 39
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y=9
39 36
39 36
39 36
39 36
39 36
39 36
42 36
45 39
51 42
57 48
63 54
69 60
72 66
72 66
69 63
66 57
60 51

5145

48 42
45 39

y=10
39 36
3 36
39 36
39 36
39 36
39 36
42 39
45 39
842

54 42

60 48
66 54
69 60
7263
69 60
66 57
60 51
UH
48 42
45 39
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x=1.
x=2
x=3
x=4
x=5
x=6
x=T7
x=8
x=9
x=10
x=11
x=12
x=13
x=14
x=15
x=16
x=17
x=18
x=19
x=20

y=11
39 36
39 36
39 36
39 36
39 36

393

42 39
42 39
45 39
48 39
57 45
63 48
66 54
66 57
66 57
63 51
57 48
M 45
48 39
4239

y=12
39 36
39 36
39 36
39 36
39 36
39 36

239

42 39
45 39
45 39
51 39
57 45
60 48
63 M

6354

60 48
M H
5139
45 39
42 39

y=13

39 36 -

39 36
39 36
39 36
39 36
39 36
42 39
42 39
42 39
42 39
45 39
51 39
51 42
57 48
57 45
54 42
48 42
45 42
4539
4239
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y=14
39 36
39 36

3936

39 36
39 36
39 36
42 39
42 39
42 39
42 39

4239

45 39
48 39
51 42
48 42
54 42
45 39
45 39
42 39
42 39

=15
39 38

3936 .

39 36
39 38
39 36
29 36
42 3%
42 39
23
42 39

4239 -

4239
45 39
45 39
45 39
4539
23
23
4239
239
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x=2
x=3 |
=4
x=5
x=06
x=T7
x=8
x=9
x=10
x=11
x=12
x=13
x=14
x=15
x=16
x=17

x=19

x=20

x=18

y=16
39 36

139 36

39 36

3936

39 36
39 36
42 36
23%
42 39
42 36
42 36
42 36
42 36
2
42 39
423
42 39

42 w [E—

4239
42 39

y=17
39 36
39 36
39 36
39 36
39 36
39 36
39 36

393

39 36
39 36
39 36
39 36
39 36

4239
4239

4239
4239
4 39
4239

439

y=18
39 36
2 3

13936
3036

39 36
4236
42 36
4236
4236
4236
%9 36
4238
39 38
423
239

4239
4239

42 36
42 36
42 36~
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y=19
39 36
39 36
39 36
39 36
45 36
45 39
45 39
45 39
45 39

4836

45 36
42 36
39 36
39 36
42 39
42 36
42 36

3936

39 36
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y=20
39 36
39 36

39 36

39 36
45 3
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51 45
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51 42
48 39
4539
42 36
39 36
39 36
39 36
39 36
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